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ABSTRACT

In

order

to

model

the

reaction

of

proteins

towards

3-hydroxyanthranilic acid 1_, a structural, synthetic and mechanistic
study of the autoxidative chemistry of 1 was undertaken, the results
of which are presented in this thesis.
The autoxidation of 1 under physiological conditions yielded
three primary autoxidation products. The major autoxidation
product was found to be the p-benzoquinone 30. Two minor
components, cinnabarinic acid 7. and the novel benzocoumarin 3J,
were also isolated and characterised.
Cinnabarinic acid was found to be unstable to hydrogen
peroxide generated during the autoxidation process, rapidly
decomposing into a variety of compounds including 1_ and the
unstable secondary autoxidation product 37.On the basis of oxygen labelling, electrochemical and pulse
radiolysis studies, and the role of reactive oxygen species in the
autoxidation process, an inter-related mechanism for the formation
of 7, 30, and 31 was proposed.
Extensive modelling studies employing amino acids and
amino acid analogues suggested that lysine and tyrosine would be
the protein residues most likely to undergo covalent interaction

3 0009 02900 91

ii

with l_ under autoxidising conditions. The adducts isolated from the
autoxidative reaction of 1_ with lysine and tyrosine were
characterised and identified as the lysyl//?-quinone adduct 54. and
the benzocoumarin 69. respectively. An independent and efficient
synthesis of 69. and its methyl and ethyl analogues 66. and 6_7
respectively, was carried out and served as structural proof for
these adducts.
The reactivity pattern of J_ towards homo and co-polymers of
amino acids conformed with the model studies; lysyl and tyrosyl
residues being found to undergo covalent interaction with 1_ under
autoxidising conditions.
Extending the autoxidative reaction to bovine serum albumin
(BSA) which served as a representative protein, an analogous
reactivity pattern was exhibited, with the protein undergoing a
gradual progression in pigmentation with increasing time of
modification. Based on the spectral characteristics of the modified
protein, interaction was proposed to occur primarily via the
formation of amino//?-quinoid adducts. Tyrosyl residues of BSA
were also found to undergo covalent interaction with l_, as
demonstrated by the isolation of 69. in acid hydrolysates of the
modified protein.
A preliminary study of the silk sclerotization process was

iii

undertaken on the moth species Hyalophera

gloveri and

Samia

cynthia. The nuclear attachment of l_ to silk proteins was
demonstrated by the isolation of 69. in acid hydrolysates of
sclerotized silks. Based on the autoxidative modelling studies
undertaken, a mechanism was proposed for the involvement of 1. in
the oxidative silk sclerotization process.
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CHAPTER 1

INTRODUCTION

1.1

3-hydroxyanthranilic

acid

- a

product

of tryptophan

metabolism.

A

major route of tryptophan metabolism by higher organisms

(animals and aerobic microorganisms) proceeds via the kynurenine
pathway - SCHEME l.1
Tryptophan 2,3-dioxygenase catalyses the first reaction in the
catabolic route - oxidatively cleaving the tryptophan indole ring to
N-formylkynurenine.2 Subsequent steps which result in the
formation of 3-hydroxyanthranilic acid 1 are also enzyme mediated,
with two of the three oxygen atoms of 1 being derived from
molecular oxygen, and the third from water via enzymic
hydrolysis.3

The major catabolic pathway for 3-hydroxyanthranilic acid in
man involves 3-hydroxyanthranilic acid oxidase, whose activity is
located principally in the liver,4 and which catalyses the conversion

NH 2
CH2-C-C00H

Si

Tryptophan
dioxygenase

@cri

V*

C—CH2-C—COOH
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SCHEME 1. The kynurenine pathway of tryptophan metabolism.

3

of 1 into 2-acrolyl-3-aminofumaric acid 2 5 ( S C H E M E 2).

^s^^COOH

3-Hydroxyanthranilic
ilic
•j_
acid oxidase^

^ \ S

C 0 W

1

°2

a.
+

N

>

CO,

COOH

SCHEME 2. Oxidative ring fission of 3-hydroxyanthranilic acid in vitro.

D u e to its inherent instability, structural evidence in support
of 2 was for many years limited to the existence of a transitory UV
absorption maxima (A,max 360nm, 6 = 3 x 104)6, and the spontaneous
in vitro conversion of 2. into quinolinic acid 3_.7 Quinolinic acid
formation has been found to be first order (i.e. intramolecular), and
unaffected within a high range of pH.8 Structural confirmation for 2
came with the preparation of the 2,4-dinitrophenylhydrazone
derivative 4_, and the catalytic reduction product 5_.

9

The

stereochemistry of 2. about the carbon-carbon double bond was
subsequently verified.10 By an analogous process, decarboxylation
of 2. by the enzyme picolinic carboxylase can also give rise to

4

picolinic acid 6

N02

N02—(0)~N
\2l/

\, HOOC
NH 2
II
c=c(
H
C
~ sc==(/
COOH

H'

\

H NH 2
I I
HOHoC—CHo-CHo-C—C—COOH
II
HOOC H

The situation in vivo is quite different. In animals

only a small

fraction of 3-hydroxyanthranilic acid is metabolised into nicotinic
acid derivatives. In rats for example, approximately 10% of
administered 3-hydroxyanthranilic acid was found to be
transformed into picolinic acid.11
From 14C labelling studies of ring labelled 3-hydroxyanthranilic
acid, virtually all the 3-hydroxyanthranilic acid which does not give
rise to pyridine ring compounds is converted into C02 via the
glutarate pathway;12 the intermediacy of 2-acroleyl-3aminofumaric acid, a-hydroxymuconic semialdehyde,
y-oxaloerotonic acid and a-ketoadipic acid having been implied

5

(SCHEME l).13
Other processes of 3-hydroxyanthranilic metabolism include
dimerisation, and detoxification via conjugation with glucuronic acid,
glucose and sulfuric acid.14
In summary, catabolism of the essential amino acid
L-tryptophan proceeds via the kynurenine pathway, resulting in the
formation of the intermediary metabolite, 3-hydroxyanthranilic
acid. The major pathway of 3-hydroxyanthranilic acid catabolism is
via oxidative ring cleavage, giving rise to the unstable intermediate
2-acroleyl-3-aminofumaric acid 2, the greater portion of which is
oxidised to C02 via the glutarate pathway. Smaller quantities of 2
are also channelled into pyridine ring biosynthesis.

6

1.2

3-hydroxyanthranilic

acid

- an

endogenous

carcinogen.

The direct implantation technique developed by Jull15 has
allowed the carcinogenicity of various chemicals upon the bladder of
experimental animals to be assessed. The technique, involves the
intimate mixing of the test chemical with a vehicle (most commonly
cholesterol or paraffin), and compressing the mixture into a pellet
followed by its surgical insertion into the lumen of the bladder. This
allows slow diffusion of the potential carcinogen into the urine and
direct interaction with the bladder mucosa to occur. Following
sacrifice of the laboratory animals, tumors can then be assessed by
visual or microscopic inspection. In this manner, many workers
have demonstrated the carcinogenic character of
3-hydroxyanthranilic acid upon the bladder epithelium of
mice.16'17
The role of chemical carcinogens in relation to cancer of the
urinary tract has received considerable attention since the increased
incidence of bladder cancer in men employed in the German aniline
dyestuff industry was first noted by Rhen in 1895.18 Since this
time, many aromatic amine carcinogens have been identified (for
example benzidine, 2-acetylaminofluorene and

7

a-naphthylamine.19'20 It was later found that hydroxylated
metabolites of these amines were in fact the proximal carcinogens.21
Several o -aminophenolic compounds, including
3-hydroxyanthranilic acid, are intermediates in the biochemical
conversion of L-tryptophan to niacin, and it is possible that these
may act as endogenous carcinogens. Considerable evidence has
accumulated to support the role of abnormal tryptophan metabolism
in the etiology of some human bladder cancers; the elevated level of
metabolites is perhaps a cause of spontaneous bladder tumors.22
An understanding of the possible role of 3-hydroxyanthranilic
acid in such a process was hindered initially by the lack of a reliable
quantitative method for its determination. With the introduction of
more sensitive assay procedures, a relationship between increasing
concentration of urinary 3-hydroxyanthranilic acid and bladder
carcinoma was established.
The induction time for bladder tumors is comparatively long.
This would suggest that if abnormal tryptophan metabolism were
involved in such a process, a genetically determined defect would be
the probable cause.23 The defect, would then still manifest itself in
elevated levels of tryptophan metabolites after curation of the
tumor. Abnormal tryptophan metabolism in patients with bladder
carcinoma has been reported to have an extremely high correlation

8

with

future

recurrences,24 with one study showing that seventy

three percent of patients treated for transitional cell carcinoma of
the urinary tract, re-experiencing the problem later in life.25
In a series of studies on treated and untreated bladder cancer
patients, Tuelings et al. found that the total m e a n concentration* of
3-hydroxyanthranilic

acid

in

treated

patients

was

significantly

greater than that of the healthy control group, but less than the
untreated
manifested

patients. 27
itself

The

in

abnormality

consistently

was

persistent,

elevated

and

levels

of

3-hydroxyanthranilic acid over control subjects. In relation to this
excretion pattern, it is interesting to note that w h e n
3-hydroxyanthranilic

3

H-labelled

acid was injected intraperitoneally into adult

male rats, the level of radioactivity found in the bladder epithelium
was from two to four times greater in rats with bladder tumor than
healthy controls.28 Whether such a factor is in operation in humans
has yet to be investigated.
Chronic smokers also exhibit a higher incidence of bladder
cancer than the remaining population. In a study on the effect of

* This refers to free and conjugated forms. Although glucoronic acid and
sulfuric acid ester conjugates are present in h u m a n
enzymic

hydrolysis,

although

patients, is relatively slow.^o

enhanced

in

the

urine the rate of their

urine

of

bladder

tumor

9

smoking

upon

twenty

fasting

individuals

(so

as

to

eliminate

discrepancies due to diet), Sulochama et al.29 found that levels of
3-hydroxyanthranilic acid in urine were significantly elevated after
smoking. Hence factors other than genetic factors may also be
involved in the initiation of bladder carcinoma.
The stability of 3-hydroxyanthranilic acid in solution is
influenced by factors such as pH, oxygen tension and the presence of
trace metals.30 Being stable under the acidic conditions and low
oxygen tensions as is usual under normal urinary conditions (pH
4.7-5.6 and p02 36mmHg), 3-hydroxyanthranilic acid decomposition
is largely influenced by the presence of trace metals. It is likely that
this process would be accelerated in patients with neutral or
alkaline urine.
The stability of 3-hydroxyanthranilic acid in the urine of
patients with bladder tumors was demonstrated by Schlegel etal to
be greatly diminished compared to that of a control group.31
Stability was regained after oral administration of ascorbic acid
which served as an antioxidant. Using the pellet implantation
technique of Jull, with ad libitum oral administration of ascorbate in
drinking water, Pipkin etal.32 found that the carcinogenic effect of
3-hydroxyanthranilic acid in mice was severely inhibited. Hence
the oxidative degradation product/s of 3-hydroxyanthranilic acid
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may

have

a role

in bladder

tumor

initiation.

Addition

of

3-hydroxyanthranilic acid to urine in vitro, results in the formation
of cinnabarinic acid 1_, the rate of formation of 7 being increased in
the urine of bladder tumor patients.33 No 7. was formed after oral
administration of L-ascorbic acid in quantities sufficient to cause
spillage into the urine. Cinnabarinic acid however, could not be
detected in the urine of normal or bladder tumor patients that were
not pre-treated with 1_.

COOH

COOH

Cinnabarinic acid along with a second oxidation product of
3-hydroxyanthranilic acid, which Butenandt suggested to have the
structure 8a, or 8_b,34 have been tested for their tumor inducing
capabilities by bladder implantation techniques, and found to be
carcinogenic.35 Indeed, the incidence of tumors initiated by 8. was
found to be almost three times that of 1 itself.36
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Cinnabarinic acid has been detected in trace amounts in normal
rat liver;37 and many enzyme systems promoting its formation have
been reported.38'39'40 In the nuclear fraction of rat liver, enzymatic
conversion of 3-hydroxyanthranilic acid into cinnabarinic acid was
found to be inhibited by nucleic acid bases, notably guanine. In
nuclei where nucleic acid synthesis is high, for example thymus or
regenerating liver nuclei, the concentration of DNA bases is high,
and the oxidase activity of the enzyme low. Cinnabarinic acid is
structurally related to the actinomycin antibiotics which inhibit DNA
dependent RNA synthesis. For example actinomycin D 9, is one of
the most potent antineoplastic agents known.41 It has been shown
that the actinomycin D chromophore binds by intercalation to DNA
and that the cyclic pentapeptide lactone confers sequence specificity
to adjacent guanine-cytosine base pairs. Cinnabarinic acid, like
actinomycin D is efficient in inhibiting nuclear RNA synthesis. From
these observations, it has been proposed that the enzymatic
formation of cinnabarinic acid from 1 in the cell nucleus, plays a role
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in the regulation of nuclear RNA synthesis.37
Increased tryptophan metabolism via the kynurenine pathway
has also been observed in rheumatoid arthritis patients.42'43
Furthermore, various antirheumatic drugs have been shown to
displace tryptophan from plasma albumin both in vitro44 and in
vivo45 with the result of several fold increase in the urinary
excretion level of various tryptophan metabolites including
3-hydroxyanthranilic acid.46

.Sar ^Sar
Pro Me-ValPro Me-Val

I I I I
D-Val

vO

D-Val

.0

L-Thr L-Thr

Abnormalities

I
NH
I

I
NH
I

C=0

C=0

of tryptophan

metabolism

resulting

in an

increased urinary excretion of 3-hydroxyanthranilic acid have a

been observed in patients with carcinoma of the breast,47 Hodgki

disease,48 congenital hypoplastic anaemia,49 in women taking oral
contraceptives,50 and in children suffering from febrile
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convulsions.
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1.3 Aspects of the Oxidative Chemistry of o - A m i n o p h e n o l s .

Unlike the catechols 1_0 whose oxidation products are involved
in

such

diverse

deterioration 5 3
chemistry

processes
and

as

melanin

insect defense

of the structurally

related

formation, 52

systems, 54

food

the

oxidative

o-aminophenols

\\_ has

received comparatively little attention.

1§C 1§C 'ifCfeC
u.

u

u

Oxidation of o-aminophenols invariably results in their
dimerisation

to the corresponding

2-amino-3H-phenoxazin-3-ones

12. a chromophoric system widely distributed in nature.
The bright orange/red wood rotting fungi Coriolus

sangueneus

is a c o m m o n sight on decaying pines and eucalypts in Australian
bushlands (FIGURE 1).
The fungus is known by many synonyms including Polystictus
cinnabarinus - hence the c o m m o n name of cinnabarin given to the
major pigment responsible for the orange/red colouration.
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F I G U R E 1. W o o d rotting fungi on Australian hardwood.

Structural elucidation of cinnabarin was hampered by its
insolubility in organic solvents, and the difficulties experienced by
some workers in obtaining sufficient fungi. Much of the
identification procedure relied on the results of classical acid and
base hydrolysis experiments. A comprehensive survey of the
methodology employed is outlined in SCHEME 3. It was nearly
twelve years after its initial isolation by Lemberg55 that Cavill
finally confirmed the structure of cinnabarin to be
l-carboxy-2-amino-9-hydroxymethylphenoxazin-3-one 13.61

16
CHpAc

HNOJ

CH2OH

AcOH2C

Reductive

COOH

Reductive
acetylation

°v O
>c'

S

C"CH3

acetylation

SCHEME 3. Survey of the degradative procedures employed in the
structure elucidation of cinnabarin 1_3.
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Smaller quantities of cinnabarinic acid 7. are always found
accompanied with cinnabarin in samples of wood rotting fungi.
3-Hydroxyanthranilic acid is found adhering to the hair of the
gray opussum and the male tree kangaroo. It is also involved in the
formation of coloured pigments of several other Australian
marsupials.62 For instance cinnabarinic acid is the principal
component of the red sternal patch of the red kangaroo - Megaleia
rufa. It is not clear however if these pigments arise from an
enzyme catalysed process in the apocrine glands or by autoxidation
of 3-hydroxyanthranilic acid that has been deposited externally on
hair follicles.
The phenoxazone nucleus is also found in the ommochromes,
the pigments characteristic of insect wings, eyes and integument.
For example, xanthommatin 14 is responsible for the light brown
colour of insect eyes.63

H
H2N-C-COOH

l-Carboxy-2-aminophenoxazin-3-one

15.

produced

by
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Nocardiaceae microorganisms,64 along with the actinomycins65 - the
natural antibiotics formed enzymatically in the Streptomyces
species, also contain the 2-aminophenoxazin-3-one chromophore.
Many enzyme systems capable of carrying out the dimerisation
of o-aminophenols have been found. These include enzymes in the
soluble liver fraction of pokliothermic vertebrates, in the leaves of
Tecoma stans,67 in Streptomyces antiboticus

68

as well as the

cytochrome C - cytochrome oxidase system of mammalian
mitochondria.69
The chemical oxidation of 3-hydroxyanthranilic acid has been
shown to give rise to two dimeric products, one of these being
cinnabarinic acid. The second product, obtained from the alkaline
autoxidation of 3-hydroxyanthranilic acid, has been formulated as
either the p-quinoneimine 8a or the /?-quinonediimine 8b.34

COOH COOH COOH

£3

COOH

££

Both 7 and 8. were found to be unstable under basic conditions,
decomposing into 9-carboxy-2-hydroxyphenoxazine-3-one 16..
Under more drastic conditions, 16 itself could be cleaved into
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3-hydroxyanthranilic

acid

and

2,5-dihydroxybenzoquinone

17

(SCHEME 4).

COOH
j_ or 8_

Na0H

(1I%

19 hrs

S C H E M E 4. Alkaline degradation products of the primary oxidation
products of 3-hydroxyanthranilic acid.

1.3.1 Oxidative Dimerisation Mechanism for o-Aminophenols.

Historically the formation of 2-aminophenoxazine-3-one 1.8
was thought to involve initial oxidation of o-aminophenol 1_9 to
0-benzoquinoneimine 20. The intermediacy of 20 in the
dimerization has long been assumed, but it was not until 1975
however, that 20. was actually obtained and characterised.70 The
1,4-addition of the amino group of another molecule of 19 to the
a,(3-unsaturated imine moiety of 20., re-oxidation, intramolecular
conjugate addition of the phenolic group to the a,J3-unsaturated
ketone, would result in 18. (SCHEME 5). Although a variety of
alternative mechanisms have also been proposed, Barry etal.,71
employing a variety of appropriately blocked and deuterated
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o-aminophenols, have recently proved that the oxidative
dimerisation does proceed as indicated.

^NH

(n\'
N

^

OH

[0]

-Q

11

*0

m
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@ccc
eccc
[0]

1

'

r^r"V\'""* [0, .(?Y V
^N^^CT^^O
18

^W NH 2

^S^^O/X^^SOH

SCHEME 5. Mechanism for the oxidative dimerisation of o-aminophenol.

Based

on the nucleophilic reactivity pattern exhibited by

o-benzoquinone imine, it would be expected that o-aminophenol
would also react with other nucleophiles under oxidising conditions
to give adducts of the type 21, and such has been found to be the
case. For example, oxidation of a mixture of o-aminophenol and an
excess of aniline has been shown to result in the formation of
N-phenyl-2,5-dianilino-l,4-benzoquinone imine 22.72

21

NUC;

19

Nucleophile
[01

Ph

V^Y^NH;
j

[

x^S^s
Nuc ^21" ^ 0

" N ^Y X i V^ N ~ P h

P h \ A A c<oH
22
23a
23b
23c
23d

R 1 =CH 3> R2=H, R=n-octyl
R 1 =CH 3 , R2=H, R=n-heptyl
R1=H, R 2 =CH 3 , R=n-heptyl
R 1 =R 2 =CH 3 , R=n-heptyl

Bailey etal. have isolated novel sulphones 23a-d from the
enzymic oxidation of various o-aminophenols by laccase in the
presence of sodium alkylsulphinates.73
o-Aminophenols A. which are blocked in the 5-position result

in the initial formation of substituted p-benzoquinoneimines C_

the usual oxidative conjugate addition of the amino functionali
the reactive o-benzoquinone imine intermediate B_ (SCHEME 6).
Depending upon the nature of the substitutent, C_ may undergo

secondary reactions to give isophenoxazone or dihydrophenoxazon

nuclei. If nucleophilic attack towards B_ is inhibited, hydrolys
corresponding o-benzoquinone invariably results.

22

Rw

^ > 0 H

o].. T

T

[A]

FT

A

/

R

B

R

= R' = t-Butyl
R = t-Butyl
R' = H
R = Ph
R'r H
N O REACTION

3,5-ditertbutyl-o-benzoquinone

R = CH 3
R'= H
1,7-diphenyl-4-amino-3H-isophenoxazin-3-one

H,C
4 a,7-dimethyldihydro-2-amino
phenoxazin-3-one

SCHEME 6. Representative oxidative addition reactions of o-aminophenols
blocked by non-replaceable nuclei in the 3 and 5 positions.
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1.4

Oxidative

Mechanisms

of

Protein

Modification

-

The

role of small organic molecules in the Sclerolization
Process.

Protein modification has important implications in a host of
biological and industrial processes. For example, leather which has
its origins in the antiquity of man involves the stabilising of animal
skins through tanning.74
Protein modification induced by low molecular weight organic
compounds under oxidising conditions is also vital to the protective
mechanisms of many forms of insect life.

1.4.1 Insect Cuticle Formation.

The evolution of a light, rigid and jointed exoskeleton is in part
responsible for the numerical success of the flying insects. This
development was a major advance over their ancestors who
probably would have possessed little more than a flexible outer
tube filled with fluid bodily contents.
The jointed exoskeleton of insects consists of a system of plates
and tubes, referred to as sclerites, connected to one another by
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concealed flexible hinge joints. Not only does such an exoskeleton
provide some resistance to compressive forces, but muscles attached
between the sclerites permits the insect to execute precise
movements of one part of its body relative to another.
Freshly secreted cuticle is soft and pale in colour which
hardens and darkens over a period of hours. Soft insect cuticle is
composed basically of a mixture of fibrous chitin (a linear
polysaccharide composed of N-acetyl glucosamine residues linked
together by p-glucosidic bonds), and hydrated protein - the mixture
being covered with a waterproof wax. Only a weak bonding
interaction exists between the chitin and water soluble protein in
the soft cuticle.75
Sclerotins are the proteins involved in the stiffening of insect
cuticle. Accompanying the sclerotins are unusually large quantities
of substituted catechols. Under oxidising conditions these may serve
to cross link the cuticular proteins in the region of the sclerites and
to pack the narrow spaces between chitin strands by
polymerisation.

1.4.2 The Molecular Mechanism of Sclerotization.

Pryor's observation on the ootheca (egg capsule) of the
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cockroach species Blatta orientalis, provided an initial insight into
the molecular mechanism of sclerotization.76
The ootheca is formed from interaction of secretory products
from the two colleterial glands. The left colleterial gland contains a
protein solution, a polyphenol oxidase, and 3,4-dihydroxybenzoic
acid 24. which is protected from oxidation via its conjugation with
glucose in the form the corresponding 4-O-P-glucoside.77 The right
colleterial gland contains a p-glucosidase. When the two secretions
are mixed, the glucoside is enzymatically hydrolysed to
3,4-dihydroxybenzoic acid, which is subsequently oxidised to its
corresponding o-quinone. Pryor proposed that the o-quinone
undergoes covalent interaction with specific functional groups of the
cuticular proteins with multiple linkages giving rise to an
extensively cross linked three dimensional network, which would
not only be dark in colour and stable, but also relatively
dehydrated. Polymerisation and condensation of the o-quinone
intermediate could also form a large matrix with many reactive
positions for protein attachment and cross linking.
A host of catechol tanning agents have since been isolated from
insects (FIGURE 2), all having been derived from the amino acid
tyrosine. Of these, N-acetyldopamine 25. has been found in a large
number of insects, and for this reason some investigators have even
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c o m e to regard it as the universal cuticular tanning agent.78

•©::
catechol
4-methylcatechol
24 3,4-dihydroxybenzoic acid
3,4-dihydroxyphenylacetic acid
3,4-dihydroxybenzylalcohol
3,4-dihydroxyphenylalanine
3,4-dihydroxyphenylpropionic acid
3,4-dihydroxyphenyllactic acid
23. N-acetyldopamine

R
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R
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R
R
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=
=
=
=
=
=
=
=

H
CH 3
COOH
CH2COOH
CH2OH
CH 2 .CHNH 2 .COOH
CH 2 .CH 2 .COOH
CH2.CHOH.COOH
CH2CHNHCOCH3

FIGURE 2. Catechol tanning agents involved in insect cuticle formation.

There exist three major sclerotization theories at present:
(a) Quinone sclerotization
(b) p-sclerotization, and
(c) Quinone methide sclerotization.

(a) Quinone sclerotization.

After the overthrow of the chitin model of cuticular protein
modification by Campbell79 in 1929, Pryor76 proposed the quinone
sclerotization theory based on his observations of the ootheca.
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Although

the ootheca is structurally less complicated

than the

cuticle, Pryor observed that their physical properties were
remarkedly similar, and suggested a similar tanning reaction occurs
in the formation of sclerotized insect cuticle. He proposed that the
cross links were due to the peripheral reaction of quinones with the
8-amino group of lysine residues (FIGURE 3).
On the basis of a number of model sclerotization studies based
on the reaction of quinones with amines,80"83 the cross links would
more likely involve the nuclear attachment of lysine residues to the
quinone as shown in FIGURE 4. Furthermore catechols substituted in
the 4 position readily lose their C-4 side chain when enzymatically
oxidised in the presence of simple amine nucleophiles to give
products analogous to those illustrated in FIGURE 4. Due to the
complexity of sclerotized cuticle, confirmation of such cross links has
to date eluded investigators.
Other nucleophilic protein functional groups, for example
histidine and cysteine residues could also participate in the quinone
sclerotization process.80
Recent developments in solid state NMR technology have made
it possible to study the nature of cross linked structures in intact
biological tissues.84'85
Employing solid state cross polarisation magic angle spinning
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RCOOH
0=C

/

.NH
O-N—(CH2)4-C-H

H

\

FIGURE 3. Reaction of catechol tanning agents via the amino groups
of basic side chains and imino groups of the peptide skeleton of
cuticular proteins as proposed by Pryor.

= protein
*AAAAAAA/»

- side chain of cuticular

lysyl residues
FIGURE 4. Potential protein crosslinks via oxidative nuclear involvement
of catechol tanning agents via lysyl residues.
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NMR

spectroscopy, the intact cuticle of the tobacco

hornworm

Manduca sexta L. specifically labelled with 13C dopamine and 15N
histidine was found to contain covalent cross linkages between the
ring nitrogen of protein histidyl residues and the ring carbons of
dopamine.86 Up to 50% of the histidyl residues were found to be
involved in cross linkages. The nature of the ring adduct was
tentatively suggested to involve the cross linking of protein and
chitin chains (FIGURE 5). Preliminary 15N NMR results, also suggest
that the 8 -terminal amino group of lysine forms carbon-nitrogen
cross links in the pupal cuticle.

/n

F I G U R E 5. Proposed histidyl-chitin cuticular cross link of
Manduca sexta pupal cuticle.

The

extensive

modelling

reactions

carried

out

on

the
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sclerotization

process,

various

blocking

experiments

and

the

observation that hydrolysates of sclerotized protein contain smaller
quantities of lysine residues than untanned cuticle87 (the difference
assumed to be involved in quinone linkages) have all contributed to
the almost universal acceptance of the quinone tanning mechanism.
Nevertheless several anomalies remain. These include :
(a) Protein sclerotization is known to take place in the absence
of tanning agents ie 'auto-tanning'. It has been proposed that the
cuticular enzymes have tyrosinase activity, and are able to ortho
hydroxylate and oxidise tyrosine residues to o-quinones. These then
act as internal cross linking agents, joining one chain to the next.88
(b) Quinones are highly coloured, yet there exist cuticles which
are sclerotized and yet pale. To account for this anomaly, Anderson
has introduced the concept of p-sclerotization.89

(b) p-sclerotization.

p-sclerotization is the process where by the b-carbon of the
side chain of N-acetyldopamine 25. rather than the catechol ring
participates directly in protein cross linking.90'91 In support of the
b-sclerotization process are the following observations:
(a) Mild acid hydrolysis of sclerotized cuticle releases keto
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catechols ( F I G U R E 6). 9 2

OH
arterenone
2-hydroxy-3\4'-dihydroxyacetophenone
3,4-dihydroxyphenylglyoxal
N-acetylarterenone

R = CH2N H2
R = CH2OH
R = CHO
R = CH2NHCOCH3

FIGURE 6. Representative ketocatechols isolated from hard insect cuticle.

(b) Experiments with N-acetyldopamine labelled with tritium
on the aromatic ring or at the p-position of the side chain show that
the radio label is lost predominately from the P-position in cuticles
which remained lightly coloured, whereas during the formation of
darker cuticle the label is lost from the ring.78
As more keto-catechols were discovered and tritium was also
found to be released from the a position of N-acetyldopamine, the
cross linkages of p-sclerotized protein are now thought to involve
both the a and p position - FIGURE 7.
Anderson has demonstrated the existence of an enzyme in the
intact cuticle which is able to introduce a double bond into the side
chain of N-acetyldopamine, thereby generating the potential for
involvement of nucleophilic protein residues in the cross linking
process.93'94 Such a 'desaturase' enzyme would also account for the
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observed tritium loss from the a and p positions in the tritium
labelled N-acetyldopamine experiments.

OH
OH

OH
desaturase
-•

enzyme
HC—Protein
I
HC—Protein
I
HNCCH3

F I G U R E 7. Mechanism for a,p- sclerotization.

A

scheme has been proposed by Anderson to account for the

chemical and physical changes occuring during sclerotization
(SCHEME 7).95 Its salient features include:
(a) Quinone and p-sclerotization occur in conjunction
employing N-acetyldopamine as the primary cross linking agent.
(b) Quinone tanning can occur without p-sclerotization, where
as p-sclerotization cannot occur without quinone tanning; the
relative ratios of which depend on the phenoloxidase and desaturase
activities of the enzymes involved .
That quinone tanning can occur without p-sclerotization was
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cuticular •• light sclerotin
protein
desaturase

NCOCH3
H

•

dark sclerotin

S C H E M E 7. Proposed quinone and p-sclerotization mechanisms
for the formation of dark and light coloured cuticles.

recently demonstrated by Williams eta]..96 Employing solid state

13

C

34

NMR

spectroscopy on the tanned cuticle of Heliothis

virescens,

Williams found that the side chains of tyrosine metabolites are not
involved in cuticle formation in this species.

(c) Quinone methide sclerotization.

An alternative mechanism involving quinone methides
(tautomeric isomers of the o -quinones involved in the quinone
tanning process) also accounts for the formation of colourless
cuticles, tritium release from the p-position of N-acetyldopamine
and the formation of keto-catechols upon acid hydrolysis.97'98
Quinone methines may undergo Michael additions at the 3, 5 or 7
positions with the nucleophilic groups of histidine, lysine, tyrosine,
serine and threonine. Reactions with the hydroxyl group of chitin
may also occur, and would account for protein-protein,
protein-chitin and chitin-chitin cross links.99 A mechanism of
quinone methide sclerotization is presented in SCHEME 8.
The intractable nature of sclerotized cuticle, the array of the
potential cross linking sites in the oxidised catechol, and the large
number of nucleophilic sites in protein and chitin, has made study at
the molecular level extremely difficult. Until the actual cross links
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S C H E M E 8. Proposed quinone methide sclerotization mechanism
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involved in the sclerotization process are positively identified, the
quinone tanning theory in conjuction with either the quinone
methide or p-sclerotization theory will likely remain the working
model for insect cuticle sclerotization.

1.4.3 Sclerotization of Silk Proteins.

The cocoon of a silk worm is generally constructed from a
continuous protein thread known as fibroin. As the fibroin is
excreted, it is coated with a wet film of sericin, a protein gum, which
upon drying, imparts a degree of rigidity to the fibroin and hence
the cocoon.100
Analogous to insect cuticle formation, freshly secreted silk is
never dark, but darkens with the passage of time. Rundall101 first
noted the similarity in the manner in which the stalk of the cocoon
of Antheraea pahhia (a tussah silk moth) and the cocoon of Nematus
ribesii (a sawfly) darken, in relation to the colour changes insect
cuticles undergo.
The cocoons of the silk moth Hyalophora cecropia, are dark in
colour where-as those of Antheraea pernyi and the commercial silk
moth Bombyx mori are relatively light. Proteolytic enzymes are
used by the moths of the latter two species to make an escape hole
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for their release. Those of H. cecropia however, employ a preformed
trapdoor. Furthermore, proteolytic enzymes have no effect on the
cocoon of H. cecropia. Brunet et_a_L100 found that the sericin
component of B. mori silk is readily removed by dilute alkali,
whereas that of Samia cynthia (a dark silk) is resistant to such
treatment. Based on these findings, Brunet suggested that the
proteins of dark silks are extensively cross linked by low molecular
weight tanning agents.102
Whereas the tanning agents involved in cuticle and egg
capsule sclerotization are substituted catechols derived from
tyrosine, the major tanning agents responsible for the formation of
dark cocoons in these species are 3-hydroxyanthranilic acid i., a
tryptophan metabolite and gentisic acid 26. In silk glands, or in
freshly spun silk, the tanning agents exist as their corresponding
O-p-glucosides, 27_ and 28. respectively. A p-glucosidase which
readily hydrolyses the conjugates to their aglycones, and a
phenoloxidase with a fundamental requirement for oxygen have
also been detected in cocoon extracts.100
Freshly spun silk quickly dessicates upon being secreted. To
allow the glucosides to come into contact with the P-glucosidase, and
the aglycones formed to interact and crosslink the sericin proteins,
the larvae continually wets the cocoon with a watery secretion from
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its anus.103 If freshly spun silk is artificially dried, no tanning is
found to occur.102
On first inspection, the process of the cocoon sclerotization is
remarkably similar to that encountered in insect cuticle formation
i.e. a p-glucosidase releases the aglycone from its corresponding
O-p-glucoside, which is then oxidised by a phenoloxidase.
Interaction with the sericin component of silk results in a stable
cross linked protein matrix with a resultant brown colouration.

COOH

COOH

A/

NHz
^OH

"V^ O H

"^0"

^

HOT

H 0

22

26

^^

^

OH

COOH
i

S^son
H 0

^

f&
7^°
_,««>_

^< * " « ^ ^

^^0^*

^7

H0^£«

OH

^

^ s /
i-OH
28

Although a considerable amount of effort has been expended
in elucidating mechanisms of sclerotization in arthropod cuticle, no
such studies have been made with regards to the tanning of silk
protein.

39

Brunet, by analogy to the quinone tanning mechanism, has
suggested that cocoon sclerotization utilizing gentisic acid may
involve quinone and biphenyl cross links (FIGURE 8).100
Gentisic acid is known to form a stable semiquinone radical,
which under alkaline conditions is stable for several minutes.104
Coupling with a tyrosyl radical would account for the production of
biphenyl cross linkages illustrated in FIGURE 8. Schaefer etal,
obtained the disubstituted anilino quinone 29. upon oxidation of
gentisic acid with potassium ferricyanide in the presence of
aniline.105

COOH

It is interesting to note that 2 £ has a brown colouration, and is
also functionally disubstituted. Coupling of the e-amino group of
lysyl residues to gentisic acid in such a manner, would account for
protein cross linking in conjunction with the impartation of a brown
colouration to the sclerotized cocoon. Hence Brunet's proposed cross
links are not without support from the literature.
The nature of the cross linkages involving
3-hydroxyanthranilic acid have not yet been addressed.
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FIGURE 8. Possible modes of silk protein cross-linking via oxidative
interaction of gentisic acid with sericin (from Brunet)100

CHAPTER 2

AUTOXIDATION OF 3-HYDROXYANTHRANILIC
ACID

The autoxidation of 3-hydroxyanthranilic acid yielded different
products depending on the pH at which the oxidation was performed.
On the basis of oxygen labelling studies and the role of reactive oxygen
species in the autoxidation process, a mechanism is presented which
accounts for the pH dependence for the production of the autoxidation
products.

2.1 Autoxidation of 3-hydroxyanthranilic acid under alkaline
conditions.

Butenandt and co-workers initially reported the isolation of a
red product from the oxidation of 3-hydroxyanthranilic acid with
molecular oxygen at pH 11.7, which they suggested was the
monohydrate of 8a_ or 8£..34 The structure of 8. was assigned on the
basis of ultraviolet and microanalytical data, and from the formation
of the phenoxazone 16 upon basic hydrolysis.
Repeating the experiment, a red compound of molecular formula
C14H10N2O4 was obtained in 45-60% yield, which had an identical
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ultraviolet spectrum to that reported for 8. by Butenandt. lH

NMR

spectroscopy would provide a simple means of distinguishing between
the two isomers. The !H NMR spectrum of 8£. would show the presence
of two mutually coupled olefinic protons occuring as doublets, whereas
the two isolated olefinic protons of 8a would occur as singlets. The lH
NMR spectrum of the compound obtained however, showed a single
olefinic proton resonating as a singlet at 85.08 (DMSO-d6). Along with
13

C NMR spectral data, which showed four carbonyl resonances and

four olefinic resonances, of which one appeared as a doublet in the
off-resonance spectrum, the structure of the compound could not be
either of the monohydrates of 8a, or 8b., but rather was formulated as
the /?-benzoquinone 30. The 13C NMR data and assignments for 30 are
shown in TABLE 1 and were based on those reported for actinocin.106

COOH COOH COOH

8a

COOH

8b

COOH

COOH

212
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TABLE 1. 13 C NMR spectral data and assignments for 3.0 (measured
in DMSO-d6 from TMS).
COOH

COOH

C-1
94.8 (S)

C-7

C-2

175.0 (s)a 149.1 (s)D

C-9

C-8

123.6 (s) 128.5 (s)

a

C-3

152.3 (s)

May be interchanged.
b
M a y be interchanged.

C-4
98.4 (d)

C-5

C-6

180.1 (s)a 157.6 (sf

C-10,11,12
121.3, 122.4, 129.1

C02H
168.3,167.8
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Base hydrolysis of 30. gave as expected the phenoxazone 16. A
mechanism for the conversion is presented in SCHEME 9.

COO

COO"

I'

coo
OH

coo-

cooco.

t

HOK
OH

COO"

COO"

H,0

t
H+
OH
COOH

i£

COO-

SCHEME 9. Proposed mechanism for the base hydrolysis of £&.
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2.2

Autoxidation

of

3-hydroxyanthranilic

acid

under

physiological conditions.

2.2.1 Primary Autoxidation Products.

Oxidation of 3-hydroxyanthranilic acid under physiological
conditions of pH 7.0 with molecular oxygen produced a mixture of
three primary autoxidation products. Several secondary autoxidation
products, which were present in small quantities were associated with
the decomposition of the primary autoxidation products.
The major product isolated was the substituted p-quinone 30.
produced in similar yields (40-45%) to that encountered in the
alkaline autoxidation reaction.
A second compound, orange in colour and sparingly soluble in
common organic solvents was produced in smaller yields (-5%). Its
ultraviolet spectrum [A.max 234.0nm (loge 4.50), 452.Onm (loge 4.34)]
was characteristic of the 2-aminophenoxazin-3-one chromophore.
Comparison with the reported spectrum of cinnabarinic acid X,34
indicates that the two compounds are probably identical. The presence
of an olefinic proton, occurring as a singlet at 86.57 (DMSO-d6), four
protons exchangeable with D20 along with three nuclear aromatic
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protons in the !H NMR spectrum of the isolated material was also
consistent with the proposed structure. Cinnabarinic acid was
prepared according to the literature107 to assist in the identification
procedure, and found to be identical in all respects (t.l.c, UV, IR and lU
NMR) with the isolated material.

Careful investigation of the crude autoxidation solution indicated
the presence of a new highly fluorescent autoxidation product. The
product was isolated by extraction of the autoxidation solution with
ethyl acetate at pH 6.0, with physical and chemical tests indicating
that its structure was consistent with 3J_.
Due to the small quantity of 31 obtained (1-2%), the failure to
find a suitable recrystallisation solvent, and the ability of 3_L to
undergo aerobic or photolytic oxidation, the dimethyl derivative 3_2
was synthesised by reaction of 31 with ethereal diazomethane. This
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compound

was recrystallised from D M S O

to afford an analytical

sample, and was consequently employed in the characterisation
procedure*.
The

13

C NMR of 32. exhibited some unusual features, which for a

time hindered unambiguous structural confirmation. As an aid in the
assignment procedure, several model ring systems were synthesised:

(a) Methyl

2-amino-3-methoxvbenzoate 3 3

The titled compound was prepared by treating a methanolic
suspension of 3-hydroxyanthranilic acid with ethereal diazomethane.
(b) 6H-dibenzorb.dlpyran-6-one 3 4
The titled compound was synthesised by the reaction of
2,2'-diphenic acid with refluxing alkaline hydrogen peroxide according

* Evidence in support for the structure 31 was the indication of an apparent
molecular weight of 286g/mol by FAB.M.S. and the immediate positive test given
on thin layer chromatography (t.l.c.) with a Ag+/OH" stain, thereby indicating
retention of the free o-aminophenol system.
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to the method of Inubushi.108
(c) 2'-methoxyri.r-biphenvll-2-carboxvlic acid 35
The titled compound was prepared by methylation of £4. with
dimethyl sulfate after base catalysed ring opening according to the
method of Rule et al.109
(d) 2-hydroxyri.r-biphenyll-2-methanol 3 6
The titled compound was synthesised by the lithium aluminium
hydride reduction of 34 according to the method of Inubushi.108

The biphenyls 35. and 36. showed excellent agreement between
observed 13C chemical shift values, and those calculated from
increment tables.110 The difference between the theoretical and
experimental shifts for the unsubstituted benzocoumarin 2A were
much larger however. Whereas differences of 1-2 ppm were usual for
35 and 36., deviations of 4-5 ppm were common for 34- Furthermore,
very large negative deviations (>7ppm) were observed for the
chemical shifts of C-2, C-7 and C-8 in 34 (TABLE 2). As this was not
the case for the ring opened compounds 35_ and 36. this finding
implies that the lactone moiety is responsible for the large upfield
shifts. This may indicate a resonance contribution from the lactone,
that results in a quasi phenanthrene system (34a). A molecular model
of 14 indicates that the lactone moiety does not lie in the plane of the
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TABLE 2. Theoretical and experimental 13.C N M R spectral data and
assignments for 34 (measured in DMSO-d 6 from TMS).

C-1
theoretical
experimental
AS

C-2

C-3

C-4

C-5

128.7

128.4

126.8

132.4

120.3
-8.4

129.3a
+0.9

129.3a
+2.5

134.8
+2.4

C-7

C-8

C-9

C-10

126.9
122.1
-4.9

141.1
134.0
-7.1

135.2
117.4
-17.8

150.4
150.4
0

122.5
116.9
-5.6

C-11

C-12

C-13

128.6
128.8 a
+0.2

126.6
124.3
-2.3

128.7
123.1
-5.6

159.8

C-6

a may be interchanged.

50

biphenyl

unit, but is slightly skewed

to the side. The

resonance

contribution from the lactone would require the planar configuration
of 34a. Phenanthrene itself shows similar upfield shifts when regarded
as a biphenyl unit bridged by an olefinic linkage.110

34a

The

13

C N M R chemical shifts for 33. are also in disagreement with

their predicted values (TABLE 3).
The deviations would likely be due to an intramolecular
hydrogen bonding interaction and the resonance effect between the
adjacent amino and methoxycarbonyl groups.

OH

NH9 -« •

This is illustrated by the relatively large downfield shift of 9.9
p.p.m. experienced by C-2 of 33. due to withdrawal of electron
density from C-2 by the methoxycarbonyl group. Similarly, C-1 of 3 3
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TABLE 3. Theoretical and experimental 1 3 C N M R spectral data and
assignments for 33 (measured in DMSO-d 6 from TMS).

OCH.

C-1
theoretical
experimental
AS

a

117.5
108.5
-9.0

may be interchanged.

C-2

C-3

C-4

131.6

146.1

118.0

141.5

146.6

113.4

+9.9

+0.5

-4.6

C-5

C-6
120.7

119.2
a

113.8
-5.4

a

121.7
+1.0
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experienced a upfield shift of 9.0 p.p.m. due to donation of electron
density from the ortho amino group into the carbomethoxy moiety.
The theoretical chemical shifts for 32. were obtained by
employing the experimental 13C NMR data for the benzocoumarin 34
as a base system and noting the experimental increments for the
substituents of 33.. Comparison with the experimental chemical shifts
for 32 gave excellent agreement as indicated in TABLE 4.
The lU NMR spectrum of 32. revealed two isolated O-CH.3
resonances at 53.84 and 3.93 and a broad peak in the region of 86.70
for the four exchangeable amino protons. A set of four doublets,
integrating for one proton each was observed in the region 87.3-7.6.
The !H NMR assignments for the aromatic protons of 32. are also
shown in TABLE 4.

2.2.2 Secondary Autoxidation Products.

Along with the primary autoxidation products 7., 30. and 31.
the crude autoxidation mixture of 3-hydroxyanthranilic acid at pH 7.0
also contained a large number of minor fluorescent species, most of
which were derived from the breakdown of cinnabarinic acid with
hydrogen peroxide produced during the autoxidation reaction. This
was verified by subjecting a small quantity of cinnabarinic acid to
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TABLE 4. Theoretical and experimental 13 C NMR spectral data and
assignments for 32 (measured in DMSO-d 6 from TMS).

OCH

C-1
theoretical
experimental

C-2

C-3

C-4

C-5

99.0
142.8
147.9
116.7
161.5(s) 101.4(s) 142.7(s) 146.5(s) 115.4(d)
C-6

C-7

C-8

C-9

C-10

107.9
128.2
117.2
137.1
144.3
109.3(d) 126.0(s) 121.8(s) 137.3(s) 140.1(s)

C-11
107.8
108.0(s)

1

C-12

C-13

125.7
107.4
125.4(d) 108.0(d)

H NMR Spectral data and assignments for 32
(measured in DMSO-d6 from TMS).

5
J(Hz)

H-5

H-6

7.33
8.6

7.43
8.6

H-12
7.64
8.8

H-13
7.30
8.8
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decomposition by dilute hydrogen peroxide at p H 7.0. Analysis of the
reaction mixture by t.l.c. indicated that all the decomposition products
were also present in the autoxidation mixture. These products will be
referred

to

as

3-hydroxyanthranilic
Ogawa
peroxide

secondary

autoxidation

products

of

acid.

and co-workers had previously followed the hydrogen

induced

decomposition

ultraviolet

spectroscopy. 111

absorbance

of

the

They

of cinnabarinic

acid

employing

observed that the characteristic

2-aminophenoxazin-3-one

system

gradually decreases and is replaced by a new

at

454nm

absorption peak at

360nm. The presence of an isosbestic point at 390nm indicated that no
intermediate

was

involved

in the transformation. Furthermore

the

compound(s) responsible for the absorption at 360nm was itself found
to

be

unstable,

gradually

decomposing

with

a

pronounced

hypsochromic U V shift. All changes could be stopped by quenching the
hydrogen peroxide formed by the addition of catalase.
Repeating this experiment, identical U V

changes were observed

( F I G U R E 9a).* After 40 minutes the maximal absorption at 360nm
underwent a significant hypsochromic shift. This manifested itself in
the appearance of small absorbance maxima at 294nm and 340nm

*an analogous reaction with hydrogen peroxide and 2-aminophenoxazin-3-one
18 gave virtually no decomposition over 24 hrs.
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FIGURE 9a. Absorption spectra of the time course decomposition
of cinnabarinic acid. The reaction mixture consisted of 7. (15
ug/ml) and H202 (14.7 |aM). The absorption spectra were recorded
at the times indicated (min).
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FIGURE 9b. Absorption spectrum of the reaction mixture from
the decomposition of cinnabarinic acid after 24 hrs. The
reaction conditions were the same as the experiment of FIGURE
9a.
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after a period of 24 hours (FIGURE 9b).
The decomposition of cinnabarinic acid was carried out on a
preparative

scale

employing

3-4

molar

equivalents

of

hydrogen

peroxide at p H 7.0. After a period of 24 hours, the initial deep orange
colouration of the cinnabarinic acid solution had changed to one light
yellow in colour. Examination by t.l.c. indicated a large number of
products, all of which are found in the crude autoxidation solution.
Acidification to p H 3.5 and repeated extraction with ethyl acetate gave
a considerable amount of a highly fluorescent product in the combined
organic extracts. After drying and removal of solvent, this proved to
be almost pure 3-hydroxyanthranilic acid ( 3 6 % yield) by comparison
to the IR and 1H
(X, max

NMR

of commercial material.* The production of 1.

3 2 0 n m ) 1 1 2 accounts for the absorption at 340nm in the U V

profile of 1 decomposed by H202 (FIGURE 9b).
The

remaining

aqueous

fraction

was

subjected

to

column

chromatography on Sephadex G-10 to yield a yellow fluorescent solid
as the major product (13%). Microanalytical data and high resolution
mass spectrometry indicated the product to have a molecular formula

*It is interesting to note that although 3-hydroxyanthranilic acid is easily
oxidised by a number of oxidising agents, hydrogen peroxide had no effect on
the solution of 3-hydroxyanthranilic acid buffered at p H
material being

recovered

almost quantitatively.

7.0 with the starting
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of C 1 4 H 1 0 N 2 O 9 . Reverse phase HPLC suggested a mixture of isomers

was present, as evidenced by two overlapping fluorescent peaks i

approximate ratio 2:1. No chromatographic method was found which

could adequately resolve the isomers, and so characterisation wa
performed on the isomeric mixture. Although extremely soluble in

polar organic solvents (DMF, DMSO and CH3OH), characterisation wo

had to be performed in aqueous media due to the extreme instabil

of the mixture in these solvents. Even in aqueous media, signific
decomposition occurred over a period of weeks.
Although the structures of the two isomers still awaits absolute

confirmation 37a and 37b are tentatively proposed as their struc

COOH

COOH

COOH

COOH

OHH a
37a

The infrared spectrum of the isometric mixture showed two

bands at 690 cm_1(w) and 760 cm'^s), characteristic of a 1, 2, 3 -

trisubstituted benzenoid ring, indicating that the aromatic subs

pattern of the aromatic ring of 1_ had not been affected. Furthe
the ultraviolet maxima of the mixture [^max 397nm, loge 4.30], strongly
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suggested

that the imine functionality of 7. remained

intact and

conjugated with the benzenoid ring. Inspection of o-aminophenol

A.

and 2-hydroxy-N-benzylideneaniline B_ shows that B_ differs from A. in
the extended

conjugation through the imine and aromatic ring, a

similar situation to that existing between 3-hydroxyanthranilic

acid

and 32-

a: ocr
A

B

The long wavelength absorption maxima of A, and B_ are 287nm
and 3 4 8 n m

respectively,113 a difference of 61nm. The corresponding

difference between the U V

maxima of 37. and

3-hydroxyanthranilic

acid is 77nm, a value in good agreement with the proposal that the
imine and aromatic ring of 37. are conjugated.
The 1H N M R spectrum of 37 revealed an indistinguishable series
of multiplets in the 86.90 - 7.50 region, and two singlets indicative of a
single isolated proton in each isomer at 85.14 and 85.63 in the ratio
2:1

respectively. Cis-trans orientation

of the hemi-ketal hydroxyl

group would account for the isomeric distribution pattern found in the
l

H N M R spectrum and H P L C profile of 37.
Isomer

37b

with

its pseudo

equatorially

orientated

proton
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H b (85.63) exhibits a down field shift of 0.49 p p m relative to H a by
being located within the deshielding cones of the carbon skeleton and
adjacent carbonyl functionality of its favoured conformation. Hence
37a which has the larger proton integral is the thermodynamically
favoured isomer. This is probably due to the equatorial configuration
of the secondary hydroxy group allowing a favourable five membered
intramolecular hydrogen bonded system with the adjacent carbonyl
centre.
The isomeric mixture of XL exhibits many of the spectral
characteristics displayed by the a and p forms of D-glucose. Under
equilibrium conditions, the thermodynamically favoured
P-D-glucopyranoside dominates the a form to the extent of 2:1
respectively114, a similar ratio to that found for 37.. Furthermore their
rate of interconversion is sufficiently slow on the NMR time scale such
that both forms are detectable.
The 13C NMR spectrum of 37 shows the doubling of peaks in the
2:1 ratio which would be expected for such a system. 13C NMR data
and assignments for IX are shown in TABLE 5 and based on those
reported for actinocin.106
A mechanism postulated for the formation of 37_ from
cinnabarinic acid is presented in SCHEME 10. The conjugate addition of
hydrogen peroxide to the a, p-unsaturated ketone or a,p-unsaturated
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TABLE 5. 1 3 C N M R data and assignments for 37
(measured in D 2 0/DMSO-d 6 , 1:1 from TMS).

37a.
C-1
C-2
C-3
C-4
C-5
C-6
C-7
C-8
C-9
C-10
C-11
C-12
C-13
C-14

169.3a
153.8
89.5
165.4
92.7
77.0
127.3
128.6
143.1
119.5
124.4
124.8
167.8a
169.0a

a May be interchanged.

3712
C-1
C-2
C-3
C-4
C-5
C-6
C-7
C-8
C-9
C-10
C-11
C-12
C-13
C-14

169.8
154.8
90.0
165.1
94.3
80.5
127.3
128.2
142.8
118.9
124.4
125.7
167.6
169.1

61

COOH

COOH

COOH

COOH

COOH

COOH

COOH

COOH

NH

HaO

Ua.

^
Uk

H 2V/2
0
2

, 'equilibration'

COOH

COOH

HO/V
OH Ha
37a

COOH

COOH

HOC
OH

Hb

27h

S C H E M E 10. Proposed mechanism of decomposition of
cinnabarinic acid by hydrogen peroxide.
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imine moieties of 7 could generate the epoxide 2a. 1 1 5 Ring opening of
the epoxide by nucleophilic addition of water would result in the
formation of an isomeric mixture of 7b, which upon oxidation of the
primary aliphatic amine by excess hydrogen peroxide would yield the
hydroxylamine moiety of 37_.116 Equilibration of the trans diol could
then occur via reversible ring opening and closure around the
epimeric centre of lb. to afford a cis/trans isomeric mixture of 37a and
37b.
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2.3 Mechanism

for the Autoxidation

of 3-hydroxyanthranilic

acid.

2.3.1 Pulse Radiolvsis and Cyclic Voltammetrv of 3-Hydroxy an th
acid.

Employing in situ pulse radiolysis esr experiments, Neta et
al.117 have previously shown that 3-hydroxyanthranilic acid was able
to be oxidised to the aminophenoxyl radical 38. under physiological
conditions.

COO"

coo-

&: 6c"
is

as

Radical 3JL would also be expected to be the initial species
formed in the autoxidation of 3-hydroxyanthranilic acid*.
The initial processes occuring in the autoxidation of 1 were

*Phenoxy radicals are well known intermediates in the autoxidation of a
number of catechols.11*
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studied by a combination of cyclic voltammetry and pulse radiolysis.
Cyclic voltammetry of 3-hydroxyanthranilic acid was carried out
in aqueous buffered media (pH's of 6.0, 7.0, 8.0, and 11.7) after being
purged with nitrogen. The resultant voltammogram at pH 7.0 along
with experimental conditions are shown in FIGURE 10.
The major oxidation peak occuring at £1/2 = +0.32V was assumed
to correspond to the initial formation of the phenoxyradical 38.
Further oxidation at the same potential would result in the formation
of the o-quinoneimine intermediate 39., which, followed by a sequence
of conjugate addition, oxidation, conjugate addition and re-oxidation,
analogous to that presented previously for o-aminophenol in SCHEME
5, results in the formation of cinnabarinic acid 1_. The formation of
cinnabarinic acid was evidenced by the formation of an orange/red
colouration around the working electrode. The plateau region after the
oxidation peak indicated that the oxidation was diffusion
controlled,119 and limited only by the concentration gradient set up as
3-hydroxyanthranilic acid was consumed in cinnabarinic acid
synthesis.
Increasing pH was found to increase the ease of oxidation by
only 0.02V per pH unit from pH 6-8. At pH 11.7 however, the half
wave oxidation potential was reduced to +0.08V. The dependence of
the half wave oxidation potential on pH does not follow that predicted
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by

the Nernst

equation

as

the

electrochemical

process

is non

reversible. The rapid formation of cinnabarinic acid would account for
the apparent non-reversibility of the initial oxidation process. The p H
effect would reflect the increasing ease of oxidation occurring with
increasing p H for the following reaction:

coo- coo-

IPX —^ LPl

+

H+

+ e

38

Alternatively, the oxidation may be viewed as arising from
electron abstraction from the phenolate anion of 1_, increasing

pH

resulting in increased phenolate concentration.
The reduction of cinnabarinic acid to the phenoxazine 40. was
found to occur at a half wave potential of e 1/2 = -0.22V (vs Ag/AgCl) at
pH

7.0 as was evidenced by a gradual discolouration around the

working

electrode. The

reduction

was

reversible, with

oxidation

reforming cinnabarinic acid. This was verified by carrying out cyclic
voltammetry on synthetic cinnabarinic acid with the electrochemical
processes being found to occur at the same potentials (INSET on
F I G U R E 10).
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COOH

COOH

COOH

COOH

NH2

+ 2H+ + 2e

In order to determine the redox potential of the second oxidation
step which results in the formation of the quinoneimine 39. from the
phenoxy radical 38. the pulse radiolysis/redox acceptor method
developed by Hayon and Rao was employed.120

Outline of the pulse radiolysis/redox acceptor method.

Radiation of water with electrons produces e-aq', OH- and H- atoms
( E Q U A T I O N 1)
e"

H,0

(2.8), OH" (2.8), and H" (0.6)*

1

Saturation of the solution with N 2 0 converts the hydrated electrons
to OH- radicals ( E Q U A T I O N 2)
e'aq + N 2 0

•

N2 + OH" + OH"

2

* Values in parenthesis are the yields of radicals produced per 100 e V of energy
absorbed by the aqueous solution.
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As has been previously shown by Neta et_a!,114 reaction of the
OH- radicals with i_ produces the phenoxy radical 38.. Most of the
hydrogen atoms produced also react with 1 to give 38.. In the presence
of suitable electron acceptors A, the radical may undergo oxidation to
the quinoneimine 39 (EQUATION 3).
38 + A • 39 + A"' 3
Such a reaction will occur provided the redox potential of the
acceptor is greater than that of 39. To allow this to occur certain
experimental conditions had to be fulfilled; including:
(a) that all the e- react with N20 and not with 1
(b) all the OH- radicals produced react with 1_, and not with the
acceptors
and
(c) that the radiation dosage is insufficient to allow second order
radical-radical decay.
In order to fulfill all the above criteria, the concentration of
acceptor was present as one percent that of 3-hydroxyanthranilic acid.
The electron transfer process could theoretically be followed by
monitoring the formation of A"- or the disappearance ('bleaching') of
A. Due to problems involving the absorption of 3-hydroxyanthranilic
acid and its radical in the region in which many acceptors A"- absorb,
the bleaching technique was employed using dyes as acceptors*. To
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determine the efficiency of the electron transfer process ( E Q U A T I O N
3), the absorbance due to 100% bleaching of the dye was determined
under identical conditions immediately before the transfer experiment
was undertaken.
The efficiency of the electron transfer process is dependent upon
the difference between the redox potential of the donor and the
acceptor. A plot of the efficiency of the electron transfer (expressed as
a percentage) vs the redox potential of the acceptors typically gives
'titration' like curves.120 That obtained for 1 is shown in FIGURE 11.
Essentially no formation of A"- radicals, and hence no electron transfer
is found with indigocarmine (£°=-0.125V) as acceptor. Using acceptors
of higher redox potential, electron transfer began to occur. For
example, 36% electron transfer was observed with thionine as the
acceptor (e°=+0.031V), the midpoint of the 'titration' curve
e1/2=0.053V corresponds to the potential at which an acceptor would
allow 50% electron transfer. The relationship between the potential of
the acceptor, and that of the radical is shown below - Equation 4
e° (radical) = e° (acceptor) + 0.085 ... 4

* These usually absorb at wavelengths > 600nm, well out of the range of
3-hydroxyanthranilic acid or its radical 3JL
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FIGURE 11. Dependence of the redox potential of
various acceptors upon the efficiency of the electron
transfer

process from 3-hydroxyanthranilic radicals in

aqueous solution.
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Experiments were carried out using 1 (1.10 m M ) in the
presence of N 2 O (1 atm) at pH 7.0 (1.0 m M phosphate
buffer). Total dose 0.15 - 1.20 krads/pulse. Acceptors:
(a)

Crystal

violet,

(b)

Phenosafranine,

(c)

Indigocarmine, (d) Methylene blue and (e) Thionine.
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Hence e°radical at 50% electron transfer was determined to be
+0.138V*.
The accuracy for e° was limited by the number of data points
able to be obtained in the electron transfer region, this being due to
acceptors

with

3-hydroxyanthranilic

6°

values

greater

than

£1/2

t0

oxidise

acid directly to cinnabarinic acid rather than

undergo electron transfer with the radical 38..
From cyclic voltammetry the approximate 8^2 value for the first
electron abstraction from 3-hydroxyanthranilic acid was found to be
+0.32V (vs Ag/AgCl). Normalising this value to take into account the
Ag/AgCl reference electrode,121 an e 1 / 2 value of + 0.10V was obtained
at pH 7.0. The true value of e1/2 could not be determined due to the
inability to calculate the concentration of the phenoxy radical at the
electrode and the fact that more than one electrochemical process
occurs at £ 1 / 2 . These two factors have opposing effects on the true
value of e1/2 - the former decreasing its value while the latter
increases it. Hence the experimentally determined 81/2 value provides

* This redox potential refers to the one electron oxidation process 1&. -» 2JL
Although not in line with convention

(which requires that redox equilibra be

expressed in terms of reduction potentials), these are used to illustrate that the
processes of interest are

in fact oxidations.
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only an approximation for the initial oxidation potential. This allows
for comparison with the second oxidation step which results in the
formation of the o-quinoneimine 39. (e1/2=0.14V). That the two
potentials are almost identical, indicates that formation of the
quinoneimine may formally be considered as a two electron oxidation.
A summary of the electrochemical parameters and processes which
occur during the cyclic voltammetry of 3-hydroxyanthranilic acid are
shown in SCHEME 11.

2.3.2 18Q Labelling Studies.

Autoxidation of 3-hydroxyanthranilic acid at pH 11.7 in a 97.5%
18

02 atmosphere followed with the isolation of the substituted

p-quinone 30. resulted in 90% 180 incorporation by mass spectral
analysis. No labelling was observed when H2180 and 1602 were used in
the autoxidation, thereby indicating that the quinone functionality of
30 was introduced via initial coupling of molecular oxygen to the free
radical intermediate 38,* and not by hydrolysis of the p-quinoneimine

* Analysis of the [M-C02]+ base peak in the EI mass spectrum of 2Q. showed no 180
incorporation. Analysis of the [M-C02J+ peak ensures that any 180 incorporation
into the COOH group by exchange is excluded from the analysis.
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coo-

coo
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e 1/2 « 0.10 v

8 1/2 = 0.14 V

COO"

COO"

cooNH

1,[0]

33

e 1/2 = -0.44V

NH.

OH

S C H E M E 11. Electrochemical processes and parameters
(as oxidation potentials) of the cyclic voltammetry
of 3-hydroxyanthranilic acid at pH 7.0.
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intermediate 8b before it was able to cyclise to cinnabarinic acid.

COOH COOH COOH

Further verification for the oxygen/radical coupling proposal was
found

when

irradiation

of

a

nitrogen

purged

solution

of

3-hydroxyanthranilic acid at p H 7.0 gave cinnabarinic acid and the
benzocoumarin 31. Only when molecular oxygen was introduced was
30 detected.

2.3.3 Product versus Time Studies.*

The product vs time profile for the production of 1_ and 30. from
the autoxidation of 3-hydroxyanthranilic acid at p H 7.0 is shown in
F I G U R E 12. Initially 7 is apparently the sole autoxidation product as
determined by t.l.c. However, after a lag phase of approximately 0.5

* The progress of the autoxidation of 3-hydroxyanthranilic acid was monitored
at specific time intervals by removing aliquots of the reaction mixture, followed
by separation of 1, J_ and 3JL by

chromatography

amounts of 2 and 3JI were determined
expressed

as percentage

conversions.

on

Sephadex

quantitatively by U V

LH-20.

spectroscopy

The
and
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hours,

a

significant

amount

of

3 0 . could

be

detected.

After

approximately 8 hours the amount of 7_ slowly declined while the
formation of 30. showed a typical autoxidation product vs time
profile.122
This result suggests that 7 is being decomposed by reaction with
the hydrogen peroxide produced during the course of the autoxidation.
This was tested by performing the autoxidation of
3-hydroxyanthranilic acid at pH 7.0 in the presence of excess catalase
to scavenge hydrogen peroxide (FIGURE 13). Under these conditions
both 1_ and 30. were formed at essentially the same rate.

(a) Effect of Superoxide.
It has been reported that the autoxidation of
3-hydroxyanthranilic acid leads to the production of superoxide in
addition to hydrogen peroxide.111 In order to test whether superoxide
decomposes 7_> the autoxidation of 3-hydroxyanthranilic acid was
performed in the presence of superoxide dismutase and catalase.* The
inclusion of superoxide dismutase markedly increased the net rate of
formation of 7 without affecting the overall rate of synthesis of 3 0
(FIGURE 14). Other workers have also observed that inclusion of
superoxide dismutase in solutions containing 3-hydroxyanthranilic
acid increases the rate of formation of cinnabarinic acid and have
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FIGURE 12.
Time course of cinnabarinic acid 7 and p-quinone dimer
30 formation in the autoxidation of 3-hydroxyanthranilic acid. The
reaction mixture contained 1 (80mg) in 200 mM phosphate buffer (pH
7.0) in a final volume of 400ml. s ...7 , • ...30.
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FIGURE 13. Effect of catalase on the rate of formation of 7 and 30 in
the autoxidation of 3-hydroxyanthranilic acid. The reaction system
w a s the s a m e as in the experiment of FIGURE 12. Assays were
carried out with 2 hourly additions of catalase (50uJ, 113000 U/ml).
Q...Z, •—30.
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suggested

that this occurs by

alteration of a reversible electron

transfer reaction:123

i + o2 * as. + o2"'
The above results suggest that an alternative explanation for the
phenomenon, is that superoxide dismutase is removing 02~- ions which
would otherwise decompose cinnabarinic acid.
Additional evidence in support of this proposal was provided by
studies in which xanthine/xanthine oxidase (to increase the ambient
concentration

of 0 2 ~ ) was included in the autoxidation mixture

containing catalase. Under these conditions, the rate of formation of 3 0
remained

essentially unaffected

whereas

the formation

of 7_ was

significantly reduced ( F I G U R E 15).

(frlpH dependence
The autoxidation of 3-hydroxyanthranilic acid was carried out in
0.1M phosphate buffer at p H 6.0, 7.0, 8.0 and 11.7. In each case
(except p H

11.7), catalase was added at regular intervals to quench

H 2 0 2 produced. The product vs time profile for the formation of 7 and

That superoxide was produced during autoxidation was demonstrated by the
production of a deep blue precipitate of diformazan from nitro blue tetrazolium
when added to the autoxidation solution.
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FIGURE 14. Effect of superoxide dismutase and of catalase on the rate
of formation of I and 2fl. in the autoxidation of 3-hydroxyanthranilic
acid. The reaction mixture contained 1 (50.8mg) in 200 m M phosphate
buffer (pH 7.0) in a final volume of 40 ml. Assays were carried out with
2 hourly additions of catalase (50^1, 113000 U/ml). In the experiments
shown by filled symbols S O D (15u.l, 320U/ml) was also added at 2
hourly intervals, a... 7, •... 7,0... 30, •... 30.
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FIGURE 15. Effect of adding xanthine and xanthine oxidase on the rate
of formation of 7 and 30 in the autoxidation of 1. The reaction mixture
contained 1 (42.4mg) in a 200 m M phosphate buffer (pH 7.0) which
was saturated with xanthine in a final volume of 40ml. Assays were
carried out with hourly additions of catalase (100ul, 113000 U/ml). In
the experiment shown by filled symbols xanthine oxidase (45 u.l,
14000 U/ml) was also added at two hourly intervals, o ... 7, •... 7,
o... 2fl., •... SiL
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30 are shown in F I G U R E S 16a and 16b, respectively.
The rate of formation of both 7. and 10 from the autoxidation of
3-hydroxyanthranilic acid in the presence of catalase was enhanced at
higher pH's. At pH 6.0 the formation of 10. was barely detectable. It
would seem likely that cinnabarinic acid is formed during the
autoxidation of 3-hydroxyanthranilic acid at pH 11.7, but is rapidly
decomposed by H202 and 02~-. The stability of 02~- is known to be
greatly enhanced at higher pH's.124
Since other factors could conceivably play a role in the observed
alteration in the rate of cinnabarinic acid formation, cinnabarinic acid 7.
was synthesised and then treated with 02~- generated enzymatically
from xanthine and xanthine oxidase. A rapid decomposition was
observed (FIGURE 17) which was blocked by the inclusion of superoxide
dismutase. Hydrogen peroxide is known to be formed by
disproportionation of 02~-,125 and in a similar experiment, a large
excess of catalase was added together with xanthine oxidase. Only a
slight decrease in the rate of cinnabarinic acid breakdown was
observed (FIGURE 17).
This is in agreement with the proposal that 02~- and H202 are
responsible only for the decomposition of cinnabarinic acid and not
involved in a reversible electron transfer reaction. Experiments similar
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FIGURE 16a. Effect of pH and of catalase on the rate of
formation of 7 in the autoxidation of 3-hydroxyanthranilic acid.
The reaction mixture contained 1_ (124 m g ) in a 200 m M
phosphate buffer in a final volume of 40 ml. Assays were
carried out with hourly additions of catalase (50 u.1,113000
U/ml). a... pH 6.0, •... pH7.0, a ... pH8.0.
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FIGURE 16b. Effect of pH and of catalase on the rate of formation
of m
in the autoxidation of 3-hydroxyanthranilic acid. The
reaction mixture and assay conditions were the same as the
experiment of FIGURE 12.
a ...pH6.0, +... pH7.0, a ...pH8.0,
0...pH11.7.
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F I G U R E 17. T i m e course of cinnabarinic acid
decomposition in the presence of xanthine and xanthine
oxidase and catalase. The reaction mixture contained 7
(408ug) and xanthine oxidase (25u1, 14000 U/ml) in 200
m M phosphate buffer pH7.0 which w a s saturated with
xanthine in a final volume of 25 ml. The decrease in X m a x
at 454nm w a s recorded at 1 minute intervals. a... without
catalase addition •... with catalase addition (200 u.1,113000
U/ml) to solution of Z prior to addition of xanthine oxidase.

to those above showed that the p -quinone dimer 10. was resistant to
decomposition by superoxide and H202. A rapid decomposition of
cinnabarinic acid was also observed following the addition of minute
aliquots of potassium superoxide to a solution of cinnabarinic acid and
catalase. Inclusion of mannitol (which acts as a hydroxide radical
scavenger)126 had no effect on the rate of cinnabarinic acid
decomposition, suggesting that OH- is not involved in the autoxidative
mechanism.
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2.3.4 Elucidation of the Reaction Mechanism for the Autoxidation of
3-hvdroxvanthranilic acid.

On the basis of the electrochemical behaviour of
3-hydroxyanthranilic acid, labelling experiments and product versus
time studies, a complete mechanism for the autoxidation of
3-hydroxyanthranilic acid is presented in SCHEME 12.
The foregoing experiments indicate that the two major oxidation
products of 3-hydroxyanthranilic acid, 7 and 30. are formed at similar
rates at physiological pH in the presence of catalase.
The dependence of the autoxidation rate upon pH, whereby
increasing pH increases the rate of formation of 7 and 10. would likely
be due to the lowering of the potential required in the initial electron
abstraction step, l_ -> 19..
It is proposed that electron transfer from the phenoxide anion of
i_ to molecular oxygen generates 3 8 which gives the
quinolhydroperoxide 38c according to SCHEME 12.
Quinolhydroperoxides have recently been implicated as
intermediates in the oxidation of resorcinols,127 phenols,128 and
catechols.129
Using only cinnabarinic acid as a mechanistic marker, several
workers have suggested that superoxide plays a role as reducing agent
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S C H E M E 12. Complete mechanistic pathway for the autoxidation
of 3-hydroxyanthranilic acid.
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in an electron transfer equilibria involving the 3-hydroxyanthranilyl
radical 38. and 3-hydroxyanthranilic acid.123'130 On the basis of their
similar oxidation potentials, an equilibrium involving 18 and 39. may
also be possible.

25. + 02' •« 23. + 02
Any factor influencing the ambient concentration of the
3-hydroxyanthranilyl radical 38. will also affect the course of the
reaction involving both 7. and 30. Using these two markers it was
demonstrated that no such redox equilibria were involved. Rather, the
influence of 02~- upon the course of reaction was found to be due to
cinnabarinic acid being decomposed by either H20

2

or 02~-. The

p-quinone 30. was resistant to attack by these reagents.
The effect of H202 and 02~- upon cinnabarinic acid provides an
explanation for the similar yields of 50-60% constantly encountered in
the production of 30. at pH 7.0 and 11.7. It is proposed that 7 and 10
are both formed at these pH values, but decomposition of 7 by 02_and H202 results in the formation of more 3-hydroxyanthranilic acid
along with other decomposition products including 3_7_*. The
3-hydroxyanthranilic acid produced in this manner, can then undergo
reoxidation again, thereby repeating the cycle**. The yield of 3_0
therefore, represents that accumulated on a large number of such
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cycles producing ever diminishing quantities of 3-hydroxyanthranilic
acid.
The formation of the benzocoumarin 3JL would most likely arise
via initial radical coupling of the respective resonance contributors
38a and 38b of the 3-hydroxyanthranilyl radical (SCHEME 12).
Re-aromatisation and spontaneous lactonisation would then result in
31. The irradiation study of 1. previously mentioned is in line with this
proposal.

* At p H 7.0 for instance, it was found that the rate of formation of 2 vs 3_Q_ was 2:1
if 02"- and H2O2 are quenched by the addition of superoxide dismutase and
catalase respectively. It is assumed that a similar ratio is also found at higher pH
values.
**The quantity of decomposition products other than 3-hydroxyanthranilic acid
eventually limits the quantities available for further cycles.
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2.4 Free Radical Dimerisation of 3-Hydroxyanthranilic acid

On the basis of the large yields of 3j0. obtained, it would seem
reasonable to assume that competitive coupling of the radical
intermediate 18. with itself, rather than molecular oxygen to give the
symmetrical biphenyl 4J_ would also occur. A synthetic method was
therefore sought which would provide sufficient material that would
confirm the presence of 41 in an autoxidised solution of
3-hydroxyanthranilic acid.
The reaction of methyl-6-bromo-3-methoxy-2-nitrobenzoate 42*
with tetrakistriphenylphosphinepalladium(O) in the presence of
methyl-3-methoxy-2-nitrobenzoate 41 gave 4-bromo-2-nitroanisole
44 as well as unreacted 4! as the major products.
Along with 44 two minor components were also isolated. One of
these proved to be the symmetrical biphenyl 45** which after
catalytic reduction with H2/Pt02 afforded the fully reduced biphenyl
46.

* Synthesis of 42. is described on page 122.
** the other component of MW 304 g/mol was assumed to be the symmetrical
biphenyl 47. and left uncharacterised.

87

COOR

4J.
4£

COOCH 3

COOR

COOCH 3

IS

R =H
R = CH3
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\^XOCH;
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Methylation (with excess diazomethane) of the organic extract
from an autoxidised solution of 3-hydroxyanthranilic acid, did not
indicate the presence of any 46. by t.l.c. or mass spectral analysis. This
may indicate that either:
(a) The product 4L. if formed, is readily oxidised
or
(b) T h e radical intermediate 3 7 a does not couple with itself, but
rather with the relatively large concentration of molecular oxygen,
which acts as a biradical.

CHAPTER 3

THE REACTION OF 3-HYDROXYANTHRANILIC ACID
WITH NUCLEOPHILES UNDER OXIDISING
CONDITIONS

The intermediates involved in the autoxidation of
3-hydroxyanthranilic acid would also be expected to undergo
reaction with a variety of nucleophilic centers if available. In order
to model the reaction of 3-hydroxyanthranilic acid towards protein
residues, the autoxidation of 3-hydroxyanthranilic acid was
performed in the presence of a variety of amino acids and amino
acid analogues.

3.1 Autoxidation of 3-hydroxyanthranilic acid in the
presence of amine nucleophiles.

The amino functionality of proteins has often been implicated
in the tanning (sclerotization) process involving oxidised
catechols.87 Thus amines have long been employed to trap the
oxidised catechols in an attempt to model the process of protein
tanning.80"83 As it was thought that since o-aminophenols and
catechols behave similarly under oxidising conditions, modelling
reactions were carried out on 3-hydroxyanthranilic acid in the
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presence

of

primary

and

secondary

amines

under

oxidising

conditions.

3.1.1 Autoxidation of 3-hvdroxyanthranilic acid under alkaline
conditions (pH 11.7) in the presence of primary amines.

The autoxidation of 3-hydroxyanthranilic acid under alkaline
conditions (pH 11.7, sodium phosphate buffer) in the presence of
aniline (4-5 equivalents), yielded a considerable amount (65%) of a
pink solid which precipitated out from the alkaline solution. Its
insolubility in all organic solvents and the presence of a large Na+
ion peak in the F.A.B. mass spectrum indicated the existence of a
sodium carboxylate. Conversion to the free acid was achieved by
the action of acetic acid/water (4:1) upon the salt.
The 13C NMR spectrum of the purple acid showed two
typical p -quinone carbonyl resonances (8179.77 and 8174.93), a
signal characteristic of a carboxylic acid (8167.76), a trisubstituted
alkenyl carbon (896.51); the latter occurring as a doublet in the off
resonance 13C spectrum. Three characteristic resonances in the
aromatic region (8124.00-130.00) indicated that the acid was a
monosubstituted product of aniline; consequently its structure was
formulated as 48. The 13C NMR spectral data for 48 and 30 showed
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H
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excellent correlation ( T A B L E 6). Compound 48. was identical in all
respects (UV, t.l.c, NMR, MS and IR) to an authentic sample
prepared by a modified route according to Schafer et al.105*
Schafer has observed 48. as a minor product in the preparation of
compounds of the type 49_ from the di-substituted anilino
p-quinone 29. with primary aliphatic amines in refluxing ethanol
(SCHEME 13).

COOH

COOH
NCH 2 Ph
H

RCH 2 NH 2

COO"
NH 2 CH 2 R
PhNH.

48

+

PhNCH2R
H

SCHEME 13. SN2 dealkylation mechanism.
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TABLE 6. 1 3 C NMR spectral data and assignments for ££ and 3_Q
(measured in DMSO-d 6 in ppm from TMS).
COOH

vV"

©-NAA
H

48

COMPOUND

C-1

C-2

C-3

2

0
C-4

C-5

C-6

4£ 94.7 (s) 175.1(s)a 148.7 (s)b 96.6 (d) 179.8 (s)a 156.7 (s)b
3_Q
94.8 (s) 175.0 (s)a 149.1 (s)b 98.4 (d) 180.1 (s)a 157.6 (s)b

a may be interchanged.
b may be interchanged.
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It is assumed that 4§_ arises from A via an S N 2

dealkylation

mechanism. In a modified procedure, 48. was obtained in nearly
quantitative yield when 49. was treated with benzylamine (R=Ph,
2.2 equivalents) in refluxing ethanol. The exclusive formation of 48
and the isolation of N-benzylaniline is clearly consistent with a
facile SN2 dealkylation of the benzyl unit from A. Alternatively 48
could be prepared in >90% yield by the reaction of 49. with one
equivalent of NH3 at room temperature.
Including the aliphatic amines, benzylamine and
2-phenylethylamine during the autoxidation of
3-hydroxyanthranilic acid gave the analogous sodium salts 50a and
51a in 50-60% yield. Conversion in the manner described above
gave the corresponding p-quinone acids 50 and 51 respectively.
The XH NMR spectrum of 50 indicated that the protons of the
primary amino functionality were not equivalent, occurring as
discrete broadened bands at the low field positions of 89.21 and
59.72. Furthermore the secondary amine resonance also occurs well
downfield as a broadened triplet at 88.64*. This suggests the
presence of a strongly internally hydrogen bonded system, which

* Representative lU NMR spectra illustrating this effect are shown in section
3.1.3
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would not only deshield the amino protons, but would also 'lock'
the molecule into a specific conformation (FIGURE 18). This effect
was characteristic of the free acids 48. - 50. in general.

<V0-H

H

R/
FIGURE 18

3.1.2 Autoxidation of 3-hydroxyanthranilic acid in the presence
of primary amine nucleophiles under physiological conditions.

Autoxidation of 3-hydroxyanthranilic acid at pH 7.0 in the
presence of aniline gave two primary autoxidation products, with
the major one (52%) proving to be the sodium salt 48a.
A minor component of moderate stability was isolated in
approximately 5% yield by column chromatography. The 13C NMR
spectral data for this compound indicated the presence of a keto
group (8177.46), carboxylic acid (8170.28) and a trisubstituted
olefinic (8100.54) carbon atom; the latter occurring as a doublet in
the off resonance 13C NMR spectrum. Also indicated were the
presence of two non-equivalent monosubstituted aromatic systems
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(ie, 6 peaks in the 120.00-130.00 p.p.m. region). Consequently, the
structure 52 was proposed for this minor component. 13C NMR data
and assignments for 52 are shown in TABLE 7. The assignments for
£2. are based on the 13C NMR spectral data for the structurally
similar p -quinone imine 52_, which was synthesised according to
the literature131 to assist in structural confirmation.

COOH

ph

^%^vNh2

Ph

>%t^vNH2

5_2 31

The solution infrared (CHC1 3 ) spectrum of 52 indicates three
bands in the 3200-3500cm_1 region. A doublet centered at
3418cm"1 was assigned to the asymmetric/symmetric stretching
modes of the primary amino group, with the band at 3260cm"1
attributed to the intramolecularly hydrogen bonded secondary
amino stretch. Comparison of the solution IR spectra of 52, and the
p -quinoneimine £3. in the 3100-3600cm"1 regions gave excellent
correlation with respect to peak number and shape (FIGURE 19).
The hydrogen bonded carboxylic acid OH stretch was
observed as a weak band extending over the 3150-2500cm_1
region, while the acid C=0 absorption occurs as a moderately
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TABLE 7. 13,C N M R spectral data and assignments for 5_2
(measured in CDCI 3 in ppm from TMS).

©-VV"*
§1^
C-1

C-2

95.1

155.0

C-3

C-4

C-5

C-6

148.8a

100.5

177.6

152.0s

aromatics

a may be interchanged.
b 120.1, 123.8, 126.3, 127.1, 129.8, 130.6, 136.0, 145.1

TABLE 8. Ultraviolet spectral data for 52 and 53 (measured in ethanol).

COOH
NH,

Ph-N

Ph-N
N

H
Ph-Nft

H
Ph-N
5.2

^max ( nm )

515.0
348.0
240.0

£C
53

^max ( nm )

526.0
350.0
268.0
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Infrared spectrum of 52. (upper spectrum) and 53.
(lower spectrum) in CHCI 3 solution.
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intense band at 1730cm"1.* The keto (C=0) and imino (C=N)
absorptions occur as strong bands at 1665cm"1 and
respectively. Two

bands

in the

1550-1600cm_1

1645cm"1,
region were

attributed to the C=C aromatic stretching modes. Other absorptions
were either weak or obscured by the solvent.
On the basis of ultraviolet absorption characteristics, the
decarboxylated analogue of 52. would be expected to exhibit similar
absorption bands. Shown

in T A B L E

8 are the U V

spectral

characteristics of 52. and 53., with good correlation being found.
Attempted

recrystallisation

of

52. from ethanol/ water

resulted in quantitative conversion into 48.. The
rate of hydrolysis (<5min) suggested
intramolecularly assisted. A

extremely rapid

that the reaction was

mechanism for the acid catalysed

conversion is presented in S C H E M E 14.
Imine 52. was found to be unstable in organic solvents,
resulting in the formation of 53. over a period of days. A possible
mechanism, based upon an equilibrium concentration of the imine
52a is presented in S C H E M E 15. A similar decarboxylation has been
observed by Schafer etal. for 6-N-alkyl analogues of 52. 105

*12L is essentially an a, p-unsaturated carboxylic acid; consequently its O-H
and C = 0 absorptions are weak to moderate in intensity.132
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S C H E M E 14. Mechanism for the intramolecularly assisted
hydrolysis of 5 2.
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S C H E M E 15. Mechanism for the spontaneous decomposition of 5_2.
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The silver oxide oxidation of 3-hydroxyanthranilic acid in
ethanol produced cinnabarinic acid I in yields > 80%, indicating the
selective formation of the o-quinone imine intermediate 39_.
Carrying out the oxidation in the presence of aniline to trap the
o-quinoneimine intermediate 39, produced the dianilino adduct 52
in 82% yield. The same product could be obtained in moderate
yield (24%) with acetic acid as solvent.

COOH

COOH

COOH

The low yield of 5 2 found in the autoxidation reaction was
probably due to its instability towards hydrogen peroxide and 02"(c.f. action of H202 towards cinnabarinic acid - FIGURE 9).
Incubation of 52. with H202 (2 molar equivalents) resulted in its
rapid and extensive decomposition as determined by t.l.c. analysis.
The autoxidation of 3-hydroxyanthranilic acid at pH 7.0 in
the presence of the primary aliphatic amines, benzylamine and
2-phenylethylamine gave largely 30. along with smaller quantities
of cinnabarinic acid 1_, and the benzocoumarin 3_1_ (which was
isolated as the dimethyl derivative 32). The yield of the amine
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addition

products

50. and 5 1 was negligible (<1%). This result

reflects the degree of protonation of the aliphatic amines under
physiological conditions. For example, benzylamine (pKa 9.33)
would exist in the free base or nucleophilic form to the extent of
only 0.5% at pH 7.0.
No benzylamine or 2-phenylethylamine analogues of the
dianilino adduct 52. were detected.* If the analogues were formed,
their decomposition by reactive oxygen species and their formation
in trace levels would make detection almost impossible.

COOH

31

COOR
31 R = H
22 R = CH3

*

Oxidation

of 3-hydroxyanthranilic

acid

with

Ag2<3 in ethanol in the

presence of the aliphatic amines (4 equivalents) yielded only J_-
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3.1.3 Autoxidation

of 3-hvdroxyanthranilic

acid

under

alkaline

conditions in the presence of amino acids.

Autoxidation of 3-hydroxyanthranilic acid in the presence of
L-lysine (4 molar equivalents) gave the expected lysyl-quinone
adduct 54. in 23% isolated yield. 3fJ. was detected in trace amounts.

COOH

i (CH ) - °ft""
2 4

H O O C - CI- ( C H 2 ) 4 —HN ^ ^ ^ ^ O
HN — R

C

54 R = H

55 R = C-O-tII
O

T o confirm that covalent interaction occurred selectively via
the terminal amino group of lysine, the corresponding
N-cc-t-BOC-L-lysine adduct 55. was prepared in an analogous
manner employing N-a-t-BOC-L-lysine. Deprotection of the a amino
group with trifluoroacetic acid resulted in the formation of 54. in
61% yield. Further verification of the substitution pattern was the
failure of e-t-BOC-L-lysine to give an addition product to
3-hydroxyanthranilic acid under identical conditions; the
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p-quinone dimer 30 then being obtained in 5 5 % yield.
Similar reactions carried out on N-a-t-BOC-L-histidine and
N-a-t-BOC-L-arginine failed to result in an addition product, the
p-quinone dimer 30. being obtained in 55-65% yield. This would
tend to indicate that the imidazole and guanido functionalities of
histidine and arginine fail to react with oxidised
3-hydroxyanthranilic acid under alkaline conditions, or as seems
less likely, interact to give unstable adducts which are rapidly
decomposed under the autoxidative conditions.
On the basis of the reactivity exhibited by the primary
amines examined, it would be expected that the a-amino
functionality of amino acids would also form p-quinone/amino acid
adducts of an analogous type to 54. as shown above.
COOCH3 COOCH3

CHoOOC-CH^-N^^^O ROOO-C-N^^^^O
H I H
51

CH 3

§7R

= C

H3

5_8 R = H

The conjugates 56. and 5 1 were readily obtained in 1 8 % and
30% yield, respectively, from the autoxidation of 1 in the presence
of glycine and alanine, followed by acidification, repeated
extraction with ethyl acetate and subsequent methylation with
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diazomethane. The methylation step allowed for ease of separation
of the adducts from the unreacted amino acid and to prevent a
slow decomposition of the free amino acid adducts. To achieve the
above yields, 80 equivalents of amino acid had to be employed, as
compared to the 4-5 equivalents of nucleophile so far examined.
When less amino acid was used, competitive nucleophilic addition
of 3-hydroxyanthranilic acid to yield 30. became a problem.
Complete methylation required longer periods (>12hrs), this being
a reflection of the zwitterionic character of the unmethylated
adducts. For example, methylation of the free amino acid adduct of
alanine for a period of lhr, resulted in complete methylation of the
quinoid carboxylic acid, but only partial methylation of the amino
acid to give a mixture of 57 and 58. [1:1] respectively.
When the above protocol was employed using proline, only
the rearrangement products 59.(10%) and 60(2%) could be isolated.
The structures of these products were consistent with their lH and
13

C NMR spectral data*.

In FIGURES 20 and 21 are presented the !H NMR spectra of
60 and £9., respectively. In FIGURE 20 the olefinic resonances at
86.75 (d.t, J=11.7, 1.1 Hz) and 55.92 (d.t, J=11.7, 5.7 Hz) are clearly

* many other products were in evidence by t.l.c, all in extremely low yields.

104

COOCH 3

COOCH 3

°^>^^NH2

O^ JL ^NH2

ff" C H 3 31

consistent of the C H 2 C H moiety of 60. Noteworthy, is the unusually
low chemical shift for H-5, consistent with an olefinic proton in
close proximity to an anisotropic carbonyl group. The three distinct
low field N H

resonances are clearly suggestive of a strongly

internally hydrogen-bonded
olefinic

resonance

system. In F I G U R E

(5 5.51)

and

21 the singlet

the resonances

for the

5-aminopentan-2-one side chain of 59 are clearly evident.
SCHEME

16 shows the proposed mechanism accounting for

the formation of 59. and 60.. It is assumed that the adduct 6 1 is
formed initially but undergoes Strecker type degradation133 to the
aldehyde 61a. U p o n exposure to acid 61a readily cyclises to 61b.
Treatment of a mixture of 61a and 6 1 b with diazomethane gives
5 9 1 3 4 and 60. respectively, diazomethane trapping the aldehyde as
the methyl ketone before it is able to cyclise to 60.
Evidence for the initial formation of the proline adduct 6 1
was the indication of a single quinoid product in the alkaline
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COO"
S>XNH2 o
^

T

coo-

coo-

Strecker

a

c:
c=o
H

HaO1

61b

COOCH 3
Ov ,^*-, ^NH2
61a + CH2N2

C

N
H
C-CH 3
II
O

31

SCHEME 16. Proposed mechanism for the acid induced decomposition
of the proline conjugate 61

0
61a
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oxidation medium (by t.l.c). Furthermore, the XH NMR spectrum of
the freshly extracted product showed the presence of a single
olefinic resonance 55.98 (DMSO-d6) which gradually decreased in
magnitude as the initial adduct decomposed.

3.1.4 Autoxidation of 3-hydroxyanthranilic acid under
physiological conditions in the presence of amino acids.

The above mentioned amino acid adducts could also be
obtained in very small yields when these autoxidations were
performed at pH 7.0. For example, proline (80 equivalents) gave
0.3% of 59. upon the usual work up procedure, whereas lysine (4
equivalents) gave only trace amounts of 54.. In these reactions 30
and 7 were the major products.
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3.2

Reactivity

of

3-hydroxyanthranilic

acid

towards

the

sulphydryl functionality.

Nucleophilic addition reactions of the sulphydryl group of
cysteine containing peptides to quinones and quinone imines is a
well accepted process, and involved in such diverse areas as
melanoprotein biosynthesis135 and respiratory enzyme
inhibition.136 Consequently, the ability of 3-hydroxyanthranilic
acid to trap thiols, either as nucleophiles or free radicals was
investigated in neutral and alkaline aqueous media under
autoxidative conditions.
Autoxidation of 3-hydroxyanthranilic acid under alkaline
conditions (pH 11.7) in the presence of thiophenol was
characterised by the lack of colour change in the autoxidation
solution with diphenyldisulfide 62 being simultaneously deposited
as a white precipitate as the autoxidation progressed. T.l.c. of the
autoxidation mixture during this period indicated that 62 was the
only oxidation product. Only when precipitation of 62 had ceased,
did oxidation of 1 commence giving the usual p-quinone dimer 30
in 53% isolated yield.
A similar process occured when N-t-BOC-L-cysteine was
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employed in the above procedure; N-t-BOC-L-cystine 6 1 and 3 0
being the products isolated in 83% and 44% yield respectively.

R—S—S—R
62 R = Ph
I

C00H

63

R =CH

2

— C — C — O-t-Butyl
11

n

H ©

Under the above conditions, autoxidation of the sulphydryl
group to the corresponding radical, followed by dimerisation,
seems to occur prior to oxidation of 3-hydroxyanthranilic acid; i.e.
the electrochemical potential of the system is such that electron
abstraction from the sulphydryl anion occurs in preference to
formation of the phenoxy radical 38. Only when the thiol is
exhausted can autoxidation of 1 occur in the usual manner. This is
evidenced by the time delay in the formation of the p- qui none
dimer in such mixtures, occuring only after complete dimerisation
of the thiols.

COO" COO"

33 31

Oxidation of 3-hydroxyanthranilic acid in the presence of
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thiophenol and N-t-BOC-L-cysteine at neutral p H resulted in an
analogous situation to that found at high pH i.e. complete
dimerisation to the disulfide prior to autoxidation of 1.

COOH

S

NH2

~ Y^T
IQJ I
L

S

/ s

£4

A

O H

n/n\n
—S

S4-S S4-S s —
\

/n
6_5

In an attempt to trap the o-quinoneimine

intermediate 3 9 .

ethanedithiol was employed under neutral autoxidative conditions.
If thiols were to react in a nucleophilic manner, an addition
product such as 61 could conceivably be formed. Performing the
autoxidation in the presence of this thiol resulted in quantitative
formation of the disulphide polymer 65. with no evidence for the
production of any other fluorescent or quinoid products by t.l.c.
apart from those found in the usual autoxidation medium.
Similarly, chemical oxidation of 1 with Ag20 in ethanol in the
presence of excess thiophenol or ethanedithiol resulted merely in
the formation of the corresponding disulfides.
Tyrosinase has recently been found to be active towards 1
with respect to the formation of I.137 Tyrosinase catalyses the
oxidation of 3-hydroxyanthranilic acid to the corresponding
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o-benzoquinone

imine

3_9_. The o-benzoquinone

intermediate

formed in this manner could conceivably interact with sulphydryl
groups to give covalent adducts. Such an enzymatically generated
intermediate approach has been used successfully by Ito etal.138
to obtain high yields of cysteine addition products to Dopa - the
success of the method being due to the selective formation of an
0 -quinone intermediate in a redox enviroment in which its
formation would otherwise be unfavourable.
Carrying out the reaction with 1 in the presence of tyrosinase
and the thiols mentioned previously, gave no indication of the
formation of an addition product. Again, disulfide formation
occurred in preference to oxidation of 1. This may be due to
poisoning of the enzyme* by the thiol or an election transfer
reaction between 39. and the thiol to give 38. and the sulphydryl
radical which may then undergo dimerisation. These proposals
were not pursued further however.
Hence, in the presence of 3-hydroxyanthranilic acid, thiols act
more like antioxidants, inhibiting the formation of the phenoxy
radical 3 8 by the selective oxidation of the thiol to the
corresponding disulfide.

* Tyrosinase was found to catalyse the oxidative dimerisation of 1 to 2 by a
factor of 5 when thiols were omitted from the autoxidation medium.
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3.3

Reactions

of

the

hydroxyl

group

towards

3-hydroxyanthranilic acid under oxidising conditions.

The hydroxyl group of the amino acids serine and threonine
could also act as potential nucleophiles. These amino acids
(protected as their N-acetates) were also found to be unreactive
towards 3-hydroxyanthranilic acid under neutral or alkaline
autoxidative conditions. Compound 1 underwent autoxidation in
the usual manner to give 30. under alkaline conditions and a
mixture of 1, 30. and 31 under physiological conditions.
Autoxidation of 1 under alkaline conditions (pH 11.7) in the
presence of /?-cresol, ^-ethylphenol, N-a-t-BOC-L-tyrosine or
tyrosine gave the p-quinone dimer 30. in 50-60% yields. No
phenolic/3-hydroxy anthranilyl coupling product could be detected
by comparison with a control autoxidation.
Under neutral conditions, reaction of 1 with p-cresol (4 molar
equivalents) as a model for the functional group of tyrosine,
resulted in the formation of a small amount of a new fluorescent
product, along with the usual autoxidation products. The new
product gave a positive test with a Ag+/OH" stain on t.l.c, indicating
probable retention of the o-aminophenolic system. After partial
chromatographic separation from the large excess of /7-cresol, the
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fluorescent adduct was methylated with an excess of diazomethane
to prevent aerial oxidation of the small amount of product and to
allow its separation from the now methylated p-cresol*.
Purification was achieved by conventional column chromatography
followed by preparative thick layer chromatography, which
afforded the methylated fluorescent adduct in approximately 0.5%
yield.
Mass spectral ( chemical ionisation MS: m/z: 255) and lH NMR
data indicated the structure of the methylated adduct to be the
benzocoumarin 66.

OCH

OH

HOOCN
££
£7

R = CH3
R = CH 2 CH 3

NH2 H

.CH2

§1

H ||
33. R = C H 2 — C H-N—C—O—V—
COOH

*p-cresol and the fluorescent adduct had almost identical R f values on silica
in three solvent systems tested.
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*H N M R data and assignments for 66 are shown in T A B L E 9.
Substituting /?-ethylphenol for /7-cresol in the above reaction
gave the corresponding ethylbenzocoumarin 67. in a similar yield
(0.5%).
The autoxidation of 1 involving N-t-BOC-L-tyrosine at pH 7.0
produced the corresponding benzocoumarin 68. after methylation
with diazomethane. Due to the small quantity of 68_ obtained,
characterisation was carried out employing ultraviolet and mass
spectral analysis. The chemical ionisation mass spectral
fragmentation pattern for 68. is shown in TABLE 10.
The qualitative UV spectrum of 6.8. exhibited excellent
correlation with that of its methyl analogue 66. reflecting the
identical chromophoric system (TABLE 11).
The analogous autoxidation reaction involving free tyrosine
proved to be exceedingly difficult; this being a reflection of:
a) the limited solubility of tyrosine under physiological
conditions (0.45g/L) which in turn limits the yield of
benzocoumarin 68. obtainable and,
b) the difficulty in isolating the non extractable adduct 6J9
from the large excess of tyrosine and other water soluble species in
the autoxidation reaction.
Purification of 69. was achieved employing reverse phase
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TABLE 9. 1 H NMR spectral data and assignments for 66
(measured in CDCI3 from TMS).

OCH.

intensity
2.40
3.93
6.57
7.05
7.13 - 7.14
7.23
7.68

3H
3H
2H
1H
2H
1H
1H

ultiplicity
s
s
br. s
d
m
d
sl.br.s

J(Hz)

assignment

8.6

ArCHg
ArOCHg
NH2
H-9
H-3,4
H-10
H-1

8.6
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TABLE

10. Chemical Ionization Mass Spectral data for 68
OCH

CH

CH3OOC

*VN — C - O — [ —
N

H
m /z

N

I

assignment
MH +

443 (9%)

CH
387 (12%)

(

MH

C02

MH
(•

343 (100%)

Cn3

(MH

255 (23%)

CHCI

CH(COOCH3)NHCOO-t-butyl)

TABLE 11. UV spectral data (qualitative) for 66 and 68
(measured in CH 3 OH).
66

A max

68

^max

211.6

208.6

241.8

233.4

275.4

274.2

304.8

305.0

316.6

314.2

378.2

372.2
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HPLC with 280nm and fluorescence detection. 69. exhibited a
similar UV profile to that of the model compounds 61 and 68. with
intense absorption maxima at 310nm and 378nm in H20. FAB mass
spectral data indicated an apparent molecular weight of 311g/mol.
Compound 69 was also found to be identical (by FAB MS and t.l.c.)
to the product obtained from the reaction of 68. with 48% HBr
under reflux.
Final confirmation of the structures of the benzocoumarins
66., 61 and 69. came via their independent synthesis.

CHAPTER 4

STRUCTURAL CONFIRMATION VIA INDEPENDENT
SYNTHESIS OF THE RADICAL - RADICAL
COUPLING PRODUCT FROM THE REACTION
3-HYDROXYANTHRANILIC ACID WITH TYROSINE AND
SUBSTITUTED PHENOLS

The autoxidation of 3-hydroxyanthranilic acid in the presence of
p-cresol, p-ethylphenol or tyrosine gave the dibenzo [b,d] pyran-6-one
products 66*. 67* and 69. respectively. These products were difficult to
isolate, and 69. in particular could not be obtained in sufficient
quantity for a complete spectroscopic analysis and characterisation. A
strategy was therefore sought which would produce the
benzocoumarins in synthetically useful yields.

OCH3

HOOCN
33. R
31 R

CH3
CH2CH3

after methylation with diazomethane

.CH2

' \

NH 2

H

£5
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OH

J^.NH2

XQT
FIGURE 22. General target molecule

Inspection of a general target molecule (FIGURE 22) indicated
that

a

synthetic

prefunctionalised

approach
aryl

units

based

on

the

would

be

more

coupling

of

two

appropriate

than

functionalisation of a preformed benzocoumarin ring system. Initial
attempts towards the synthesis of the target molecule concentrated on
ester prefixing two aryl bromide units, to

allow for the possibility of a

favourable intramolecular aryl/aryl coupling reaction. A n illustration
of the procedure envisaged for the synthesis of 66. is shown in S C H E M E
17.
3-Methoxy-2-nitrobenzoic
commercially

acid

70. was

synthesised

available 3-methoxy-2-nitrobenzaldehyde

by

from

oxidation

with either Cr03/H2S04 or alkaline permanganate.139 The bromination
of 70. was not straightforward. However, when 70. was treated with
Br2 and Ag2S04 in H2S04 at room temperature in the dark, a single
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CHO

COOH
^k
.N0 2

N0 2

cro

^» frST

H2S04
OCH3

r

CH

B
v.OH
CH 3

COOH
I vN°2

- • in

|V^^/l
Ag2S04/H2S04
^^^OCHg
II

IV^y
\^^OCH3
Zl

OCH

0

3-^OV x

12

v

— < Br C=<
Br

NOmetal promoted
biaryl formation

DCC.dimethylaminopyridine

OCH72
CH

OCH:

OH

H 2 / Pt02

S C H E M E 17. Intramolecular aryl-aryl coupling strategy towards the
synthesis of dibenzo[b,d]pyran-6-ones.
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monobrominated

isomeric product 1\_ was obtained in 6 1 % yield. The

l

H NMR spectrum of 71 indicated the presence of two ortho coupled

aromatic protons (J=9.0Hz) and a single methoxy group occurring as a
singlet at 3.94 p.p.m. That bromination had occurred at the position
para to the methoxy group was evident from NOE difference
spectroscopy. Selective irradiation of the O-methyl of 1\_ caused an
NOE enhancement onto H-4 by 3.1%, while selective irradation at H-4
caused an NOE enhancement onto the 0-CH3 resonance by 10.0%, thus
confirming the isomeric substitution pattern.
Activation of 1\_ by reaction with N,N'-dicyclohexylcarbodiimide
to form the corresponding acylisourea,140 followed by coupling with
4-bromo-4-methylphenol 72. in the presence of a catalytic quantity of
4-dimethylaminopyridine afforded the phenyl ester 73 in 75% isolated
yield.*
It was thought that intramolecular metal-promoted coupling of
the aryl units of the dibromide 73. should provide a convenient route
to the highly functionalized benzocoumarin 74. However, coupling of
73 in such a manner was unsuccessful. Attempted coupling of 73. by
the classical Ullman reaction141 employing activated copper with DMF

* Esterification of 2J_ could not be accomplished by the conventional acid
chloride or acid bromide activation procedures, as these resulted in extensive
decomposition and polymerisation of 21.
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as a diluent, led to significant mono de-bromination of the aryl halide
giving 75, with no 74. being formed.

OCH

OCH.

75

Similarly, attempted coupling of methyl-6-bromo-3-methoxy-2-

nitro benzoate 42. with the acetate of 2-bromo-4-methylphenol 7_

under Ullman conditions led merely to extensive dehalogenation o
giving methyl-3-methoxy-2-nitrobenzoate 33..

Br

Br,

Cu, DMF
•
OCH3
42

The

zerovalent

nickel

complexes

tetrakistriphenyl

phosphinenickel(O) [Ni(TPP)4] and biscycloctadienylnickel(O) [Ni(COD)2]
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have

been

extensively

halides. 1 4 2 " 1 4 4

employed

The method

under

much

the

coupling

of

aryl

has the advantage that only catalytic

quantities of the complexes
proceeds

in

are required, and

milder

conditions

than

that the reaction
the

corresponding

Ullman coupling method. Furthermore, Ni(TPP) 4 m a y be prepared i_n
situ from the reduction of bistriphenylphosphinenickel(II) chloride in
the presence of triphenylphosphine with zinc, thereby eliminating the
need for handling of the 0 2

sensitive reagent. However

attempted

coupling of 73. with either N i ( C O D ) 2 or Ni(TPP) 4 which was generated
in situ did not result in the formation of 7 4 . Rather,

significant

formation of evidently polymeric material along with smaller amounts
of U V

active material which was not characterised were produced*.

Nitro groups are known to strongly inhibit the coupling of aryl
halides, with

starting material generally being recovered

in high

yield. 1 4 2 However, no 73. was observed in the present case after
reaction with either nickel complex; suggesting that oxidative addition
to 73. did occur, but subsequent reaction with the nitro functionality
led to significant quantities of decomposition products.

*That failure of coupling was due to the substituents of 73. was demonstrated by
the synthesis of biphenyl from bromobenzene in 8 5 % isolated yield using either
of these procedures.
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Photochemical methods of aryl-aryl bond formation have been
employed successfully in a number of mono bromo intramolecular
cyclisations.145'146 However, when the monobrominated esters 75
and 77.* were irradiated in the presence of I2 as a radical initiator, no
reaction was observed, with 75_ and 77_ being recovered almost
quantitatively.
The oxidative addition of palladium (0) complexes to organic
halides readily generates organopalladium (II) species.147 Insertion of
small organic molecules into the Pd-C bond, followed by reductive
elimination of the organic product can then regenerate the Pd (0)
species, thereby making the reaction catalytic with respect to the
metal complex. Palladium (II) - promoted intramolecular aryl bromide
cyclisations have also been applied successfully to a number of
systems. For example Ames eta]..148 employing catalytic quantities of
palladium (II) acetate (Pd(OAc)2) under basic conditions at 180°C was
able to cyclise nitro substituted mono bromophenyl-phenyl ethers to
the corresponding substituted dibenzofurans in consistently good
yields. Employing an identical catalytic Pd (II) coupling procedure
towards the monobrominated esters 75. and 77. resulted in their

* Prepared analogously to 12. by the DCC assisted esterification of their
component carboxylic acids and phenols.
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extensive decomposition.
A palladium catalysed aryl-aryl bond formation method was
therefore sought which would be both compatible with the functional
groups of 71 and afford coupling under milder conditions. The Suzuki
methodology,149 involving the palladium (0) catalysed cross coupling
of phenylboronic acids with aryl bromides, typically gives
unsymmetrical biphenyls in high yield. Furthermore the
carbomethoxy and nitro functionalities have also been shown to be
compatible with Pd(0) catalysts.
The strategy employed in the synthesis of the benzocoumarin
target involved construction of the key biphenyl bond via a Pd(0)
coupling reaction of the aryl boronic acid 79. and the aryl bromide 42
prior to lactonisation (SCHEME 18).
The requisite boronic acid 79. was prepared from 78. by the
reaction of the corresponding aryl Grignard reagent with
tri-n-butylborate followed by hydrolysis. Coupling of 7£ with 42 in
the presence of 2-3 mol% of Pd(OAc)2, PPh3 and Et3N in dry
deoxygenated dimethyl formamide (DMF) at 100°C for 3 hrs gave the
biphenyl 8/1 in consistent yields of 50-60% after purification by
column chromatography. The lU NMR spectrum of 80. indicated the
presence of an isolated ArCIL3 resonance (82.30), two O-methyl
resonances (83.52, 3.95) and an isolated O-benzyl ether resonance
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SCHEME 18. Synthesis of dibenzo[b,d]pyran-6-ones via the Pd(0)
cross coupling aryl bromides and aryl boronic acids.
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occurring as a singlet at 54.97 ppm. The upfield shift exhibited by the
methyl ester resonance (53.52 ppm) would probably be due to a time
averaged displacement of the ester moiety into the aromatic shielding
cone of 80., being sterically induced by the adjacent ortho substituted
biphenyl unit. On this basis, the favoured conformation for the
structure 80 is as shown below.

HoC
OCH3
OCH2Ph

Hydrogenation

of 80. over P t 0 2 gave the yellow dibenzo[b,d]

pyran-6-one 66. which results from reduction of the nitro
functionality and hydrogenolysis of the benzylether group with
subsequent spontaneous lactonisation with the elimination of
methanol. The 13C NMR data for 66 indicated that large upfield shifts
are observed, once again reflecting the quasi aromatic character of the
benzocoumarin ring system. 13C NMR data and assignments for 66 are
shown in TABLE 12.
Carrying out an analogous sequence of reactions employing

129

T A B L E 12. 1 3 C N M R spectral data and assignments for aa
(measured in CDCI 3 from TMS).

C-1

C-2

C-3

C-4

C-5

163.4(s) 103.2(s) 142.7(s) 146.0(s) 114.8(d)
C-6 C-7 C-8 C-9 C-10
105.5(d) 127.6(s) 118.7(s) 148.5(s) 117.0(d)
C-11 C-12 C-13 C-14 C-15
129.7(d) 133.6(s) 122.5(d) 21.1(q) 55.9(q)

p -ethylphenol in place of /7-cresol resulted in the formation of the
corresponding ethylbenzocoumarin 67. (SCHEME 18). Synthetic 66. and
67 were found to be identical in all respects (t.l.c, UV, lR NMR and
MS) to the methylated product arising from the autoxidation of
3-hydroxyanthranilic acid in the presence of /7-cresol and
p-ethylphenol respectively.
Demethylation of 66 or 62 with aqueous hydrobromic acid (48%)
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under reflux gave the fully deprotected dibenzopyran-6-ones 85. and
86 respectively.
Addition of base to either 66. or 67. resulted in ring opening of
the lactone and ionisation of the free phenolic group as evidenced by
UV spectroscopy upon 67 as a representative example (FIGURE 23).
Phenolate formation had the effect of inducing a significant
bathochromic shift in the high wavelength absorption band of 67.. Ring
opening, which disrupts the almost coplanar nature of 62 may account
for the lack of a significant increase in the extinction coefficient which
should otherwise accompany a purely ionisation-induced
bathochromic shift.
Compounds 85. and 86. were also found to be identical (by t.l.c.
employing UV detection and Ag+/OH" staining, MS, UV - with and
without base addition) to the product arising from the autoxidation of
1_ in the presence of p-cresol and p-ethylphenol, respectively. Hence
the structures of the autoxidation products 86. and 82. and their
respective methylated derivatives 66. and 62 have been confirmed.
With the above methodology at hand, a synthesis of the tyrosyl
benzocoumarin 69. was attempted.
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Initial studies focussed on methods of coupling the arylboronic
acid 88 with 42 to yield 69 as shown in SCHEME 19.
Protection of the phenolic functionality of 2-bromo-4-methyl
phenol 22. was achieved by standard methylation with alkaline
dimethyl sulfate. The corresponding arylboronic acid £8 was obtained
by the metal promoted coupling of 871 with tri-n-butylborate as
previously described. Photochemically induced free radical
bromination of 88_ employing molecular bromine, gave the
benzylbromide derivative 89..
Amino acids have been synthesised in good yields by reaction of
alkylhalides with the carbanion of ethylnitroacetate in dipolar aprotic
solvents.150'151 Alkylation of g_9_ with the sodium salt of
ethylnitroacetate in DMF gave the desired nitroester 90. in a rather
poor yield of 18%. The corresponding aldehyde 91 was obtained in
69% isolated yield, which resulted from the competitive O-alkylation
of 89. by the carbanion of ethylnitroacetate leading to the unstable
nitronic ester 92. which collapses into the oxime 93. and aldehyde 9 1
(SCHEME 20).152
Attempts at the Pd(0) catalysed coupling of 90 and 42 employing
either preformed Pd(TPP)4 or Pd(0) complexes generated in situ were
largely unsuccessful: a multitude of products, along with unreacted 42
typically being obtained. A small quantity (1-2%) of the desired
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OCH

OCH;
B(OH) 2

(CH3)2SQ4
OH'

1. Mg/THF
2. [CH3(CH2)30]3B
3. H / H 2 0

OCH.

OCH;
B(OH)2

Br2 / CCI4

B(OH)2
NQ 2 CH 2 COOEt

hv

NaH / DMF

OH
OCH3

COOCH3
N0 2

42

1. H 2 / PtQ2
2. HBr (48%)

Pd(OAc)2, PPh3lEt3N,
DMF, 100 C

OCH;
CH2
I
EtOOC-C-N0 2
H

M

HOOC^ ^ C H 2
^°*
69
NH2

H

**

SCHEME 19. Synthetic strategy towards §1 employing aliphatic side chain
elongation prior to Pd(0) catalysed cross coupling.
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OCH-

OCH«

H

B(OH);

B(OH) 2

Na+ o
EtOOC-C-N^

•NaBr

V
CH2

OHC-H

Q9

i2

. II \J
EtOOC-C-N-0
H

<*Br

%J

OCH.
B(OH):
+

-^

c=o

EtOOC-C—N=0
H

ai

H
HoO

EtOOC.
>C=N-OH

H

31

S C H E M E 20. Competitive O-alkylation mechanism for the reaction of the
benzylbromide 89 with the sodium salt of ethylnitroacetate.
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coupling product 94 was however detected. This was characterised by
*H NMR and shown to be identical to 94. prepared according to the
procedure outlined in SCHEME 21. The poor coupling yields would
likely be a reflection of the acidity of the a-nitroester proton of 90
which in the presence of Et3N as base would form an equilibrium
mixture with various organo palladium species to inhibit the desired
coupling reaction from occurring to an appreciable extent. An
alternative and successful synthesis of 69. involving aryl-aryl bond
formation prior to side chain elongation is outlined in SCHEME 21.
Coupling of the arylboronic acid 88. with 42. under the usual
conditions gave the biphenyl 95. in 43% isolated yield. Benzylic
bromination of 95. with molecular bromine gave 96. which upon
alkylation with the sodium salt of ethylnitroacetate in DMF gave a
mixture of the nitroester 94. and the aldehyde 97. in the ratio 1:6
respectively.
The chemical and therefore magnetic non equivalence of the
benzylic proton, caused by introduction of a chiral centre into 94. was
evident by !H NMR spectroscopy. Shown in FIGURE 24 is a Newman
projection formula of the favoured conformation for the S
configuration of 94 when viewed along the nitroester side chain.
The spin system exhibits a typical ABX splitting pattern, each
benzylic proton (HA,HB) being split by each other (Jgem=13.40Hz) and
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OCH

OCH 3
B(OH).

COOCH3

,N02
42

Pd(OAc)2, PPh3, Et3N,
DMF, 100 C

OCH.

OCH3
,N02

COOCH3

Q 2 NCH 2 COOEt
NaH / DMF

Br2 / CCI4
hv

OCH.

OCH.
CH2Br

CH2
I
EtOOC-C —N0 2
H
OCH3
,N02

COOCH3

OCH.
C=0
H
^4

H 2 / PtQ2

HBr

az

£3

S C H E M E 21. Synthetic strategy towards §1 employing Pd(0) cross coupling
prior to aliphatic side chain elongation.
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N02
A OCH3COOCH3

)$C

• • TO"0'

S^

\^^OCH 3

COOCH 2 CH 3

HB
FIGURE 24. Newman projection formula of the favoured
conformation of (S)-methyl-5-(2"-ethoxycarbonyl-2"-nitro)
et hy 1-2', 4-d i m et h oxy-3-n it ro-[ 1,1 '-biphenyl] car boxy I ate 9_4
when viewed along the aliphatic side chain.

unequally by the neighbouring proton Hx (JAX=9.70Hz and JBX=5.50Hz).
Other resonances pertaining to the structure of 94. are singlets due to
the O-CH.3 ether groups (83.62, 3.88) and the methylester (83.56)
which occurred upfield, due to sterically induced time averaged out of
plane twisting of the biphenyl unit (c.f. 80./? 128). Resolution of the
racemic mixture was not attempted.
The formation of large quantities of undesirable aldehyde was
eliminated when alkylation of 96_ with the sodium salt of
diethylacetamidomalonate in ethanol smoothly gave the desired
malonic ester 98. in 64% recrystallised yield (SCHEME 22). The
chemically and magnetically equivalent benzylic protons of 9_8
occurred as a singlet (83.60) in the *H NMR spectrum of 9_8. Two
methyl ethers (83.67, 3.95), an acetyl group (82.02) and a methyl
ester (83.62) whch occurred upfield were also indicated.
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OCH
CH 3 CONHCH(COOEt) 2
EtOH / EtO'Na

OCH.
CH2Br

OCH,
CH 2

96

O

EtOOC—C—NHCCH3
I
COOEt
98

H2 / R 0 2

HBr (48%)

69

EtOH

OCHCH 2

O

EtOOC-C-NHCCH3
I
COOEt
99

SCHEME 22. Side chain elongation of 96 employing
diethyl acetamidomalonate.
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Catalytic

hydrogenation

of 9_8_ over P t 0 2 gave the highly

fluorescent amine 99., which was converted to 6£ in 66% yield after
exposure to 48% HBr under reflux followed by neutralisation. Acidic
reflux serves the multiple purpose of deacetylation, de-esterification
and de-methylation, thus allowing decarboxylation of the resultant
dicarboxylic acid and spontaneous ring closure to the lactone to occur.
Similarly, catalytic reduction of 94 over Pt20 followed by hydrolysis
of the uncharacterised reduction product with 48% HBr at reflux also
resulted in 69.
Lactone 69. was insoluble in all organic solvents, and only
sparingly soluble in water (c.f. tyrosine). Characterisation was
therefore carried out under basic conditions, in which case the
species being characterised is the fully ionised biphenyl 100. That
such was the case, was evident by inspection of the ultraviolet
spectrum of 69. under slightly acidic and highly basic conditions which
indicated that the pH effect was almost identical to that exhibited by
67 (FIGURE 25).
O"
^S^_^^S^N

H

2

rariQto.
CH2
I
H 2 N—C—COO"
H
100

COO"
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A N e w m a n projection formula of the favoured conformation of the S
configuration of 100 is shown in FIGURE 26.

NH.
H

H

y&
HB

H,
6
J (Hz)

2.55
13.74 (J AB )
8.55 (J AX )

HB
2.89
13.74 (JAB)
4-27 (JAX)

H,
3.38
8.55 (JAX)
4.27 (JBX)

FIGURE 26. N e w m a n projection formula and 1 H N M R spectral data for
the A B X spin of (S)-7-amino-2-(2'-amino-2,-carboxy)ethyl-8-hydroxy
dibenzo[b,d]pyran-6-one 69 in basic media.

The presence of a chiral centre was evidenced by the non
equivalence of the methylene protons in the *H NMR spectrum of 100

which gave rise to the typical ABX splitting pattern of the spin system
indicated. Assignments and splitting pattern analysis of the spin
system are also shown in FIGURE 26. The assignment for HA was based
on the vicinal coupling constant of 8.55Hz expected for a dihedral
angle between

150-180°. Furthermore the upfield position of H A in
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relation to H B

was taken to be due to the shielding effect of the

electron rich amino and free carboxylate anion. No attempt was made
to resolve the racemic mixture of ££.
13

C NMR data and assignments for 100 are shown in TABLE 13.

The assigned data also support the ring opened structure for 69., as the
corresponding

13

C chemical shifts do not exhibit the large upfield

shifts characteristic of the benzocoumarin 66 (consult TABLE 12).
Synthetic 69. was identical in all respects (UV, GC-MS) to the
product isolated by HPLC from the autoxidation of
3-hydroxyanthranilic acid in the presence of tyrosine.
In summary, a successful synthesis of the benzocoumarins
arising from radical-radical coupling of 3-hydroxyanthranilic acid and
tyrosine, p-cresol and p -ethylphenol has been achieved. These serve
as a structural proof of these adducts, and demonstrate the utility and
compatibility of palladium (0) catalysts towards the synthesis of
highly functionalised biaryls.
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T A B L E 13. 13,C N M R spectral data and assignments for 100
(measured in D 2 0/NaOD from DSS).

COO

C-1

C-2

C-3

C-4

C-5

C-6

122.0(s) 131.4(s) 152.7(s) 114.5(d) 122.0(d) 123.1(s)

C-7

C-8

C-9

C-10

C-11

C-12

131.0(s) 161.8(s) 118.5(d) 127.7(d)* 127.7(s) 131.0(d)'

C-13
39.4(t)

C-14
56.9(d)

C-15

C-16

182.1(s)b177.0(s)b

a m a y be interchanged
b m a y be interchanged

CHAPTER 5

INTERACTION OF POLYPEPTIDES AND PROTEINS
WITH 3-HYDROXYANTHRANILIC ACID UNDER
OXIDISING CONDITIONS

Modelling studies have suggested that of the twenty amino
acids commonly encountered in proteins, only lysyl, tyrosyl,
N-terminal proline residues, and possibly the N-terminal amino
group would undergo covalent interaction with 1_ under autoxidising
conditions. In order to ascertain whether this occurs at the molecular
level with respect to protein modification, the autoxidation of 1_ was
carried out in the presence of homo amino acid polymers,
co-polymers and a representative protein, Bovine Serum Albumin
(BSA).

5.1 Reaction of 3-hydroxyanthranilic acid with Poly Amino
Acids.

Random homo and co-polymers of amino acids provide readily
available substrates on which to verify the selectivity pattern of I
towards amino acids at the macromolecular level.
Poly amino acids were incubated with i. under conditions of
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oxygen saturation at physiological pH. After selected time intervals,
aliquots (250u.l) of the autoxidation mixture were removed, and the
modified poly amino acids separated from the autoxidation products
of 1 on G-25 sephadex columns employing water as the eluent. The
modified poly amino acid solutions were made up to volume (5ml)
and analysed by ultraviolet spectroscopy.

5.1.1 Polv-L-lvsine (mol. wt. 4000-15,000)
Shown in FIGURE 27 is the UV absorption vs time profile for
the modification of poly-L-lysine by 1_ under autoxidative conditions.
The modification was characterised by the appearance of a UV
absorption band at 338nm and a shoulder due to the intense amide
absorption of the polypeptide chain at approximately 265nm. The
338nm absorption increases regularly with time, and exhibits a
typical autoxidation vs time profile (INSET on FIGURE 27). With the
increase in intensity of the 338 nm absorption band, modified
poly-L-lysine also underwent a gradual progression in visible
colouration to deeper shades of brown.
Qualitatively, the UV spectrum of the modified polypeptide
showed excellent correlation with that of the lysyl-/?-quinone adduct
54. which has absorption bands at 329nm and 268nm. Compound 54
also exhibits a weak n —> n* transition (A,max 499nm), which was not
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COOH
i

Y\SN"2

°*

H
HOOC-C-(CH2)4—N^
1
H
NH2

observed

in poly-L-lysine modified

3A

under the conditions above.

Increasing the pH at which the autoxidation is performed (pH 8.0) in
order to increase the rate and extent of modification, modified
poly-L-lysine began to exhibit a definite red colouration with a
corresponding long wavelength absorption at 496nm.
These results suggest that the modification of lysyl residues
occurs via the random formation of amino substituted p-quinones
along the polypeptide chain, as occurs in the lysyl adduct 54..
Assuming that the chromophoric system of the modified
polypeptide is of the type above, and has a comparable extinction
coefficient for each chromophoric unit to that of 54. (kmax 329nm,
loge 4.14), this would correspond to an average modification of 1.2
lysyl residues per polylysine chain, which consists on average of 45
lysyl residues.
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5.1.2 Polv-L-tvrosine (mol.wt. 40,000-100,000)
Incubation of poly-L-tyrosine with i_ under the same
autoxidative conditions as above, resulted in much smaller changes
in the time course UV profile of the modified polypeptide to that
found for poly-L-lysine (FIGURE 28).
The extent of modification was limited by the poor solubility of
poly-L-tyrosine at pH 7.0 (<1 mg/ml). The gradual formation of an
inflexion shoulder at 350nm along with an increase in intensity and
broadening of the characteristic tyrosyl band at 288nm was
observed. The broadened nature of the UV spectrum does not allow
for a definitive spectroscopic assignment, although the superficial
changes are in agreement with those expected for the interaction of
L_ via radical radical coupling with tyrosyl residues as indicated for
the tyrosyl benzocoumarin 6£ .

Consequently a known quantity of modified poly-L-tyrosine,
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which had been purified by chromatography on sephadex G-25 and
extensive dialysis against water, was subjected to hydrolysis in 6M
HC1 at 100°C under vacuum for 24 hrs. HC1 was removed under a
gentle stream of N2 or by desiccation over NaOH under vacuum. The
residue was taken up in a 40 mM phosphate buffer (0.5ml), adjusted
to pH 5.0 with 1M NaOH, and made up to volume (1.0ml) with
distilled water.
Co-chromatography (t.l.c.) against synthetic 6£, on silica gel
plates employing the solvent systems BuOH:CH3COOH:H20 (4:2:1) or
n-PrOH:H20 (4:1) indicated that 69 was the major long wavelength
UV absorbing species in the crude hydrolysate.
To confirm the presence of 69., the hydrolysate was subjected
to reverse phase HPLC analysis employing fluorescence detection.
The major fluorescent species was found to have an identical
retention time (tR = 35.20 + 0.17min, N=5) to that of synthetic 69 (tR=
35.13min ± 0.09, N=3). Furthermore a sample of the hydrolysate
spiked with an equal quantity of 69. resulted in 100% peak
enhancement with no evidence of peak broadening. Subjecting
tyrosine or poly-L-tyrosine to acid hydrolysis in the presence of 1,
did not result in the formation of any 69. (by reverse phase HPLC
analysis with fluorescence detection). Similarly treatment of
synthetic 69. in the same manner led to its quantitative recovery (by
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HPLC

analysis). Hence, the presence

of 69. in the modified

poly-L-tyrosine hydrolysate was due to covalent interaction of 1
with tyrosyl residues, and not an artifact of the experimental
procedure. Absolute verification for the presence of 6JL in the
hydrolysate (for example by GC/MS analysis) was limited by the low
level of tyrosine modification making such analysis impracticable.
Although modified poly-L-tyrosine did not exhibit the visual
browning associated with tanned poly-L-lysine, a quinone
interaction may still be possible with the N-terminal amino group,
albeit at a trace level. This may also have contributed to the increase
in absorption intensity of the modified polypeptide at 340-350nm.

5.1.3 Polv (L-Glutamic acid.L-Tyrosine) (1:1 mol.wt. 20,000-50,000)

Employing a random co-polymer of L-Glutamic acid and
L-tyrosine in place of poly-L-tyrosine resulted in significantly
reduced levels of modification of the polypeptide (<10% that of
poly-L-tyrosine) as evidenced by UV spectroscopy. The co-polymer
was employed at concentrations ten times greater than that for
poly-L-tyrosine; hence lack of reactivity was not due to solubility
problems.
(a) Possible inhibition mechanisms
A large number of the tyrosyl residues in the co-polymer may
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be inaccessible to radical-radical coupling with 38. by being located
within the core of a coiled secondary structure, which is stabilised by
hydrophilic interaction between water and external glutamylate
anions. An efficient electron transfer mechanism between tyrosyl
residues and the p -quinoneimine intermediate 31 according to the
equilibria below, may be inhibited by electrostatic repulsion
between glutamate anions and the anion of 39.

coo-

ls

+ OOC
COO"
I
I
0
C H2 C H2 C H2
peptide chain

peptide chain

Similarly,

coupling

of

tyrosyl

and

3-hydroxyanthranilyl

radicals produced from the above reaction would also be inhibited
by electrostatic repulsion between adjacent ionized glutamic
residues and 18. (FIGURE 29). The effect would be most pronounced
in regions of the co-polymer where there is a regular alternation of
glutamyl and tyrosyl residues.

5.1.4 PolvfL-Glutamic acid.L-Lvsine) (1:4 mol.wt. 150,000-300,000)

Similarly, incubation of 1 with a random co-polymer of
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H9N

00C

"V"

COO"

I

I

I

C H2

C H2

C H2

peptide chain

FIGURE 29. Proposed electrostatic inhibition of radical-radical coupling
of 3-hydroxyanthranilic acid and tyrosyl residues at pH 7.0.

L-lysine and L-glutamic acid was found to inhibit the extent of
tanning by 90% over that for poly-L-lysine on an equimolar lysyl
residue basis. It is proposed that the inhibition is similar to the
electrostatic model presented for poly(L-Glutamic acid.L-lysine)
above.

5.1.5 Poly-L-glutamic acid. poly-L-aspartic acid and poly-L-serine*

Reaction of 1_ with the poly amino acids, poly-L-glutamic acid,
poly-L-aspartic acid, poly-L-serine or poly-L-arginine failed to give

* Poly-L-histidine was insoluble at p H 7.0 and could not be employed. A
co-polymer of histidine was not commercially available.

soluble
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any discernable modification as evidenced by UV spectroscopy. Due to
the low concentration of free N-terminal amino groups, addition to the
p -quinone intermediate A. which may have occurred, could not be
detected.

COOH

A

155

5.2

Tanning

of

a

representative

protein

- Bovine

Serum

Albumin with 3-hydroxyanthranilic acid under oxidising
conditions

The interaction pattern observed for the poly amino acids
examined was in agreement with that found for the

3-hydroxyanthranilic acid modelling studies employing free amin

acids. Modification of proteins would therefore be most likely t
involve covalent interaction through the e-amino group of lysyl

residues, and to a lesser extent through tyrosyl residues. The t
amino group or N-terminal proline residues would be expected to
contribute little to such a process.
Bovine serum albumin (BSA) (MW 69,000 daltons) has been
extensively employed in model proteins studies.153"155 Containing

lysyl, 20 tyrosyl, 17 histidyl and one free sulphydryl residue being involved in 17 disulfide linkages,156 BSA is rich in the

potentially reactive lysyl and tyrosyl residues which have been
to undergo covalent interaction with 1.
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5.2.1

The

role

of

lysine

in

the

modification

of

BSA

hy

3-hvdroxvan thranilic acid

Exposure of BSA to 1, under conditions of oxygen saturation (pH
7.2) resulted in the protein developing a yellow brown colouration
characterised by a broad absorption band at 340 nm in the UV
spectrum (FIGURE 30). The absorption maxima and colouration
developed by tanned BSA, were almost identical to that found for
tanned poly-L-lysine, and would suggest that identical
/7-quinone/e-amino lysyl conjugates are responsible for the UV and
visible changes observed.
A time course/pH study was undertaken to ascertain whether
protein interaction is qualitatively similar to the time course and pH
dependence for the production of the p-quinone dimer 30. (section
2.3.3).
Reaction of BSA was performed in the presence of \_ under
conditions of oxygen saturation at the buffered pH valves of 6.0, 6.5,
7.0, 7.5 and 8.0. Modification of the protein was monitored at specific
time intervals employing ultraviolet spectroscopy according to the
method previously described. In order to eliminate discrepancies due
to non-quantitative recovery of tanned BSA samples, the term "index
of modification" was introduced. In the present study this refers to the
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FIGURE 31. Effect of pH on the rate of modification of bovine serum
albumin (BSA) by 3-hydroxyanthranilic acid. The reaction mixture
contained B S A (700 m g ) and 3-hydroxyanthranilic acid (30 m g ) in a
sodium phosphate buffer in a final volume of 30 ml. Q... pH6.0, %...
pH6.5, a... pH7.0, O... pH7.5, • ... pH8.0.

ratio of the new absorbance maxima (345-365nm)* to the
characteristic BSA absorption at 280 nm**.
Results and conditions for the pH study are shown in FIGURE
31. The modification of BSA exhibits a typical autoxidation vs time
profile, being rapid at first but decreasing in rate as the

* Autoxidation at pH 6.0 was very slow and did not produce a distinct absorption
maxima. An arbitary ratio of A365/A280

was

consequently employed.

** Although quinone/lysyl interaction would also increase the intensity of the
absorption band at 280nm due to its characteristic absorbance at 260nm (c.f.
tanned Poly-L-lysine spectrum- FIGURE 27), the degree of tanning was
sufficiently low such that minimal enhancement resulted.
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concentration of free 1. diminishes, due largely to the formation of
the autoxidation products, 2, 30., and H. Increasing pH has the effect
of increasing the rate of BSA tanning. For example, the index of
modification was increased by more than 250% with a pH
progression from 6.0 to 8.0.
Increasing pH also caused a hypsochromic shift of the
absorption maxima from 365nm at pH 6.5 to 330nm at pH 8.0. The
latter value is in excellent agreement with that found for the model
e-amino lysyl conjugate 54. which exhibits a corresponding UV
absorption band at 329 nm. This trend is most probably due to the
small degree of modification at lower pH values; the small quinoid
absorption overlying the residual BSA absorbance at 330nm. This
would result in less distinct absorption maxima which would also
exhibit an apparent hypsochromic shift. Increasing the time of
modification, or increasing the concentration of 1 led to a gradual
shift of the absorption maxima to 330mn which would be expected
for a quinoid interaction pattern of the type 54 below.

COOH COOH
NH
Pn^N-^^^o HOOC-C-(CH2)4—N
32

I
NH 2

H

§4
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Thus the p H

dependent tanning profiles are qualitatively in

agreement with that expected for interaction of 1_ with the lysyl
residues of BSA as indicated for tanned poly-L-lysine.
King and Kriek have reported that BSA was modified upon
exposure to JL, at pH 7.0 under oxidising conditions employing
K3Fe(CN)6 as the oxidant.157 The modified protein exhibited a broad
absorption maxima between 400 and 500nm. Repeating this
experiment, modified BSA with a light orange colouration was
obtained upon freeze drying the extensively dialyzed protein
fraction after preliminary purification by gel filtration on G-25
sephadex. This ensured modification was due to covalent interaction
between 1_ and BSA, and not due to physical interaction with the
other oxidation products of l_ produced during the autoxidation. The
modified BSA exhibited identical UV spectral characteristics to that
reported by King etaL157
Oxidation of 1_ with 4 equivalents of K3Fe(CN)6 in a
deoxygenated pH 7.0 buffer resulted in almost quantitative
formation of 2*. No other oxidative product could be detected,
thereby indicating that oxidation of 1 by K3Fe(CN)6 proceeds
exclusively via the intermediacy of the o-quinone imine 3_9. As
lysine was shown to be the most reactive protein residue towards
autoxidized 1, it is reasonable to assume that the interaction found in
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chemically

modified

BSA

involves

the

formation

of

lysyl

disubstituted-p-quinoneimines analogous to 52.. Compound 52 itself
has a UV absorbance slightly higher (515nm) than BSA modified by
K3Fe(CN)6 due to extended conjugation through the aromatic ring.
The rate of formation of 1_ and 30. are almost equal at pH 7.0 in
the presence of catalase. Equal reactivities would be expected for the
e -amino group of lysine towards the p -quinone and o -quinone imine
intermediates of i,. The product obtained in the latter case would
however be expected to be unstable towards reactive oxygen species
(eg 02 • and H202) and susceptible to hydrolysis (c.f. susceptibility of
aromatic analogue 52. - section 3.1.2.). This was verified by carrying
out the autoxidation of 1_ at pH 7.0 in the presence of BSA with
periodic additions of catalase to scavenge H20

2

produced during the

reaction. Aliquots of the autoxidation mixture were removed at
selected intervals and the protein isolated by column
chromatography on G-25 sephadex, and made up to a known volume
with H20. The UV profile of the protein isolated from the
autoxidation solution including catalase is shown in FIGURE 32. An
identical autoxidation in which no catalase was added, was
performed to serve as a negative control system. The control protein
exhibited the usual distinct band at 345nm due to the absorption of
p -quinone/lysyl conjugates. Addition of catalase resulted in a much
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less distinct band at 345nm along with a new broad band centred
upon 420nm and extending to 650nm (FIGURE 32). The indexes of
modification for these two maxima were found to be 0.48
(^345/^280)

anc

* 0.33 (A420/A280) respectively. This was taken to

indicate that the e - amino group of lysine covalently interacts with
both the p-quinone A, and o-quinoneimine 39. intermediates of 1_ the absorption maxima of the individual adducts overlapping to
cause broadening in the UV profile.
Although not pursued further, the nature of the interaction
giving rise to the new absorbance at 425nm was assumed to involve
lysyl residues of BSA in linkages such as those shown in FIGURE 33.

PEPTIDE CHAIN
FIGURE 33. Possible interaction products from the reaction
of lysyl residues of bovine serum
albumin
with the
0 -quinoneimine intermediate of 3-hydroxyanthranilic acid.
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5.2.2

The

role

of tyrosine

in

the

modification

of B S A

by

3-hydroxvan thranilic acid

Covalent interaction via tyrosyl residues could not be
ascertained directly from inspection of the UV profile of tanned BSA.
Fluorescence measurements however, suggested that such an
interaction has occurred. The fluorescence profile and conditions for
BSA tanned by 1, under autoxidative conditions is shown in FIGURE
34. It can be seen that excitation of tanned BSA at 340nm resulted in
significant fluorescence with an emission maxima of 425nm.
Untreated BSA showed minimal fluorescence (<10% of modified
material) under identical conditions.
From previous studies, the fluorescence could be due to the
formation of protein bound:
(A) mono lysyl-p-quinone adducts such as those found in tanned
poly-L-lysine (Section 4.1 (a))
(B) dilysyl quinoid adducts such as those shown in FIGURE 33.
(C) tyrosyl benzocoumarins via the coupling of tyrosyl and
3-hydroxyanthranilyl radicals (Section 4.1(b)).
OR
(D) a combination of two or more of the above.
BSA tanned with l_ employing K3Fe(CN)6 as the oxidant was
previously shown to interact through the e-amino group of lysyl
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residues via the intermediacy of the o -quinone

imine

intermediate

39 (section 5.2.1). Although exhibiting strong UV absorbance at
450nm, BSA tanned in this manner did not exhibit fluorescence over
that of untreated BSA when excited at 340nm. Hence the dilysyl
quinoid adducts are not responsible for the fluorescence observed in
BSA modified autoxidatively with V.
Subjecting autoxidatively modified BSA to further autoxidation
for a period of 6hrs at pH 7.0 in the absence of 1_ resulted in a
decrease in fluorescence of 43%. Further autoxidative treatment
(12-36hrs) did not decrease the fluorescence further. Similarly
oxidation of autoxidatively tanned BSA with an excess of K3Fe(CN)6
at pH 7.0 resulted in a decrease in fluorescence of 48%. In each case
a negligible (<5%) decrease in the characteristic 340nm absorbance
occurred after such treatment, an indication that the
p-quinoneAysyl adducts of BSA which give rise to the absorption are
stable to further oxidation. This was also found to be the case when
30 itself was exposed to K3Fe(CN)6 or 02 under identical conditions.

COOH

30
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Thus the fluorescence exhibited by tanned B S A , is at least in
part («50%) due to the formation of such p -quinoid adducts along the
protein chain. The remaining fluorescence would most likely be due
to the fluorescence exhibited by 3-hydroxyanthranilyl/tyrosyl
benzocoumarin units. These would not only be fluorescent, but
would also be oxidized by K3Fe(CN)6 and 02 (albeit slowly) due to the
oxidizable o-aminophenolic system in these adducts. Although the
oxidative product/s were not isolated, 69. itself was instantaneously
oxidized by K3Fe(CN)6. It was previously noted that 6£ also slowly
underwent autoxidation at pH 7.0 to give autoxidation products
which were not characterised (section 2.2.1).
To quantitate and confirm the role of tyrosine in the protein
modification process, BSA which was tanned autoxidatively with 1
was subjected to acid hydrolysis in 6M HC1 at 100°C under vacuum
for 24hrs. After removal of solvent under a gentle nitrogen stream
and dissolution of the residue in a phosphate buffer (40 mM, pH 5.0),
the hydrolysate was subjected to reverse phase HPLC analysis
employing fluorescence detection. Hydrolysis of the
monolysyl-p-quinone conjugate £4. under the hydrolysis conditions
resulted in its complete destruction. Hence fluorescence due to the
presence of any quinoid products would be eliminated due to their
destruction under the hydrolysis conditions. The major fluorescent

168

peak (R t = 35.20min) in the H P L C profile of the hydrolysate had an
identical retention time to that of the tyrosyl benzocoumarin 69..
Furthermore 'spiking' of the hydrolysate with synthetic 69. resulted
in peak enhanced with no evidence of peak broadening.
The fluorescent product corresponding to this peak was
collected by semi-preparative reverse phase HPLC under buffered
conditions. After desalting by semi preparative reverse phase HPLC
employing water as the eluent, the freeze dried product was
silylated with N,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA) in
pyridine at 100°C for 1 hr, and subjected to GC and GC/MS analysis.
A peak was obtained on the GC trace of the derivatised material with
an identical retention time to that of silylated synthetic 69.. GC/MS
analysis also indicated that the molecular ion m/z: 515
(69+3(TMS)-CH3, 10%) and fragmentation pattern m/z: 385 (69+TMS,
90%) and 313 (69. 100%) of the isolated fluorescent product was
consistent with that of 69.
The yield of 69. in the hydrolysate was determined by
quantitative HPLC analysis against standard solutions of 69. Based on
the original quantity of tanned BSA employed (40mg), the yield of
69 obtained from the acid hydrolysis was determined to be 16.8iig
at 24hrs. This corresponds to 0.5% modification of the tyrosyl
residues in BSA.
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A

time course study of tyrosyl modification in B S A

was

undertaken employing hydrolysed samples of modified BSA with
quantitative HPLC analysis. The results of this study are shown in
FIGURE 35.
500400<
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FIGURE 35. Time course production of 6_9_ from acid
L
hydrolysates of B S A . The reaction mixture contained
(50mg) and B S A (0.7g) in a 0.1M phosphate buffer (pH 7.0)
in a final volume of 30ml.

The resulting time course profile resembles that found for the
time course for lysyl residues in BSA (c.f. FIGURE 31) where the rate
of modification was found to decrease as i_ was consumed in the
autoxidative process. The time course profile for benzocoumarin
formation in tanned BSA is complicated by the fact that the resulting
protein bound benzocoumarin can itself slowly undergo autoxidation.
As the time course profile eventually 'levels out', this would suggest
that a steady state initially exists between the rate of protein bound
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benzocoumarin formation and the rate of its decomposition through
autoxidation. With a prolonged time of autoxidation, the rate of
formation of bound coumarin diminishes as 3-hydroxyanthranilic
acid is consumed in the production of other autoxidation products
(i.e. 2_> 2_Q_ and 31). consequently, the yield of 69. declines as
decomposition begins to override its rate of formation.
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5.3 The Autoxidative Tanning Mechanism

The adducts obtained by reaction of l_ with amines, phenols
and amino acids, provided models for possible interactions which
may occur at the molecular level in macromolecules. With regards to
protein modification, the 3-hydroxyanthranilic acid intermediates 38
and 39. are able to undergo reaction with accessible e-amino terminal
groups of lysyl residues to produce coloured mono and dilysyl
substituted quinoid adducts respectively. The dilysyl adduct would
however be unstable to reactive oxygen species, being decomposed
in a yet unspecified manner, the reaction probably being extremely
complex.
Covalent interaction through the N-terminal amino group could
also conceivably occur, although this could not be demonstrated in
the present study due to the low N-terminal amino concentration in
relation to other reactive functional groups.
Interaction through tyrosyl residues, takes place via the o-p
coupling of tyrosyl and 3-hydroxanthranilic acid radicals to produce
highly fluorescent protein bound benzocoumarins which are
themselves susceptible to slow autoxidation. No evidence for the
participation of dityrosyl cross linkages in protein modification could
be found, this probably reflecting the low tyrosyl radical
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concentration in solution.*
Based on the aforementioned results, a representation of
interactions occuring in BSA modified by 3-hydroxyanthranilic
are shown in FIGURE 36.

* N o bityrosine could be detected in acid hydrolysates of modified B S A .
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FIGURE 36. Possible modes of interaction of 3-hydroxyanthranilic acid with
lysyl and tyrosyl residues of bovine serum albumin under
autoxidative conditions.

CHAPTER 6

THE INVOLVEMENT OF
3-HYDROXYANTHRANILIC ACID IN THE SILK
SCLEROTIZATION PROCESS

Aspects of the silk tanning process have previously

been

addressed by Brunet.100'101 Tanning was proposed to proceed by
the oxidative interaction of 3-hydroxyanthranilic acid l_ and/or
gentisic acid 26. with the sericin component of freshly secreted silk.
In the species examined by Brunet, the tanning agents were found to
be protected as their corresponding O-p-glucosides, which were
enzymatically hydrolysed prior to cocoon stabilisation. The molecular
mechanism of tanning involving 3-hydroxyanthranilic acid was not
addressed however.

COOH

COOH

NH

i

Js^OH

X^ *

°£

V ^ O H
1

©f

>

HO^ ^SS^

13

The cocoons of the silk moth species Hyalophora

gloveri and

Samia cynthia (FIGURE 37) were employed in the present study,
their silk glands having previously been shown to contain large
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quantities of the glucoside of 3-hydroxyanthranilic acid 2 7 relative
to that of gentisic acid 28.100
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FIGURE 37. Cocoons of the silk moth species Hyalophora
gloveri (upper) and Samia cynthia (lower).
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6.1 Synthesis of the glucoside of 3-hydroxyanthranilic acid.

The O-p-glucoside of 1, 2-amino-3-(a-D-glucopyranosyloxy)
benzoic acid 27 was synthesised according to SCHEME 23.
Starting material for the glucoside synthesis,
3-methoxy-2-nitrobenzoic acid 70 was obtained from the oxidation
of 3-methoxy-2-nitrobenzaldehyde by alkaline permanganate as
previously described. De-etherification of 70. employing either
hydrobromic acid (48%) under reflux or fusion with pyridine
hydrochloride afforded 3-hydroxy-2-nitrobenzoic acid 101 in 66%
yield.
Attempted esterification of 101 with p-nitrobenzylbromide or
benzylbromide under controlled conditions of pH 6.0 failed to give
the desired esterified product, with much starting material instead
being recovered. This was hoped to be the protective method of
choice due to the ease in which simultaneous de-esterification and
reduction could be achieved later in the synthesis. Resort was
consequently made to the corresponding methyl ester 102 which
was prepared in 75% overall yield by Fischer - Spier methylation of
101 employing sulfuric acid as catalyst.158
Introduction of the glucose moiety was achieved via the
coupling of 102 with 2,3,4,6,-tetraacetyl-a-D-glucopyranosylbromide
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COOH

COOH

,NO.
w

^

HBr / CH 3 COOH

N02 ^A^ ^NO2

-o

OCH-

m

COOCH3
CH3OH/H+

OH

- o
102

Ifll

H2/ PtQ2
EtOH

a

HI

OAc

OAc

CH30" Na /CH 3 OH

105

OH

NaO
EtOH (95%

COOH

OH

OAc
a.

OAc
OAc

27
, K 2 C0 3 , acetone, A

SCHEME 23. Synthetic strategy towards the synthesis of the
O-p-D-glucoside of 3-hydroxyanthranilic acid 27.

OH
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in refluxing acetone employing potassium carbonate as base which
afforded methyl 3-[(2,3,4,6-tetra-0-acetyl-p-D-glucopyranosyl)oxy]
-2-nitro benzoate 103 in 55% recrystallised yield. A 3-dimensional
representation of the favoured conformation of 101 is shown in
TABLE 14. That coupling had proceeded with complete inversion
about the anomeric centre was evident by lH NMR spectroscopy.
An axial-axial relationship between H-l' and H-2' was indicated on
the basis of the anomeric proton H-l', which occurs as a doublet
(85.05) with corresponding coupling constant Jr 2- of 7.48Hz.159 On
the basis of decoupling experiments, assignments for the
glucopyranosyl resonances of 101 are as shown in TABLE 14. Also
indicated in the *H NMR spectrum of 101 were four acetate units
82.03, 2.04, 2.08, 2.13, and an isolated methyl ester moiety 83.89.
Catalytic hydrogenation of 103 over Pt02 resulted in an almost
quantitative conversion to methyl 2-amino-3-[(2,3,4,6-tetra-0acetyl-p-D-glucopyranosyl)oxy]benzoate 104. Compound 104 was
smoothly de-acetylated by the action of a catalytic quantity of
sodium methoxide (5%) in methanol, to give methyl 2-amino-3(p-D-glucopyranosyloxy)benzoate 105 in high yield. Final
deprotection involving de-esterification of 105 in 5% aqueous
ethanol employing 1.05 equivalents of NaOH, afforded the desired
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TABLE 14. 1 H N M R spectral data and assignments for 103
(measured in CDCI3 from TMS).

COOCHg

ll 2 ^ N 0 2

e

i

[3

5

r

AcO—\2'

5
2.02
2.04
2.08
2.13
3.86
3.87
4.22 - 4.24
5.01
5.13
5.21
5.25
7.48
7.53
7.76

Intensity
3H
3H
3H
3H
1H
3H
2H
1H
1H
1H
1H
1H
1H
1H

^^6>OAc

*or

4

multiplicity
s
s
s
s
ddd
s
m
d
dd
dd
dd
dd
dd
dd

fA^OAc
OAc4'

J(Hz)

C..-S, o.Oy y.y

7.5
8.9, 9.9
7.5, 9.3
8.9, 9.3
7.6, 8.4
1.5,8.4
1.5, 7.6

assignment
COCtla
COCHa
COCH3
COCUa
H-5'
COOCHa
2 (H - 6')
H-V
H-4'
H-2'
H-3'
H-5
H-4
H-6
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2-amino-3-(p-D-glucopyranosyloxy)benzoic acid 22 in 70% isolated
yield.
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6.2 Extraction of tanned silks.

Tanned silk cocoons were examined for residual glucoside 2 7
employing the following procedure. Two cocoons of each of the moth
species H. gloveri and S. cynthia were halved, sliced and extracted
with aqueous methanol (4:1, 50ml) at 80°C for 18hrs. The extract
was filtered free of intractable cocoon material (which was stored
under dessication for later use) and the volume reduced to
approximately 2ml by dessication over phosphorus pentoxide under
vacuum.
T.l.c. of the concentrates revealed the presence of several U V
active species (FIGURE 38).

Rf 0.60
5
o
Rf 0.34

FIGURE
38. Thin layer chromatogram
of an
aqueous
methanolic extract of cocoons of (a) Hyalophora
gloveri and
(b)Samia
cynthia. The chromatographic solvent consisted of
n - B u O H : C H 3 C O O H : H 2 0 (4:2:1) with solvent being run in the
direction

(360nm).

indicated.

Detection

was

by

ultraviolet

light
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The major band (R f 0.60) which exhibited blue fluorescence
under long wavelength UV light (360nm) was found to be positive
to Erhlich's reagent (giving a very faint yellow colouration), but
negative to ninhydrin, thereby suggesting the presence of an
aromatic amine. Co-chromatography (t.l.c.) against 27. resulted in
identical mobilities for the two compounds in two solvent systems
(n-BuOH: CH3COOH:H20, 4:2:1 and n-PrOH:H20, 4:1)).
Adjusting the pH of the concentrate to pH 1.0 with
concentrated HC1, followed by hydrolysis at 100°C for 20min resulted
in the disappearance of the major band on t.l.c. with the concurrent
formation of another fluorescent species whose chromatographic and
staining properties were identical to that of 1.
Reverse phase HPLC of the S. cynthia and H. gloveri
concentrates indicated the presence of a major fluorescent species,
whose retention time was identical to that of 27. Addition of
synthetic 27. to the concentrate, resulted in an increase in peak
intensity with no evidence of peak broadening. Purification of the
major fluorescent product in the concentrates of both species was
carried out employing semi-preparative HPLC. The major fluorescent
species from two cocoons of each species were pooled, and the UV
spectrum recorded. The resultant UV profile with weak absorption
maxima at 311nm and 214nm is in qualitative agreement with the
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fluorescent species being 2 2 (X m a x 313nm and 216nm).
Quantitation of 22 in the concentrates was made by employing
a standard curve of 22 over the HPLC working range 0-50u.g/ml in
which a linear relationship between peak area and concentration
were adhered to. The results for the quantitation of 22 in the four
concentrates for each species are shown in TABLE 14. Results are
expressed as |ig 22 per gram of tanned silk, so as to standardise
between species.

T A B L E 15. Concentration of residual glucoside 27. in
tanned silks (expressed as \xg 27/q
cocoon)

Average
S. cynthia

32

29

16

19

24 + 8

H. gloveri

12

10

26

23

18±8

The concentration of free glucoside was found to be very low in
the tanned cocoons of both species examined. For H. gloveri and S.
cynthia this corresponded to mean levels of 22 of 18u.g and 24u.g per
cocoon respectively. Brunet has previously reported a

mean value of

928(j.g of 22. per silk gland of S. cynthia larvae just prior to silk
production and tanning. The residual glucoside concentration
indicates that the greater part of 22 is undoubtedly utilised in the
tanning process; although this cannot be assumed until an actual
protein-tanning agent adduct is isolated from sclerotized silk.
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Extraction of cocoons of S. cynthia and H. gloveri with 8 M urea
resulted in 1.0-1.8% solubilisation of the tanned silk proteins, thus
reflecting the intractable nature and heavy cross stabilisation of the
protein matrix.
The physical nature of the tanned silks, imposes restrictions
upon the techniques available for analysis - this being a common
problem of sclerotization studies in general. Of the potential
oxidative interactions possible between silk protein residues and l_,
those involving radical-radical coupling of 1 and tyrosine would lend
most readily to analysis; this being due to the stability of the
benzocoumarin 69. under conditions of acidic hydrolysis.
Consequently, slices of dried cocoons («20mg) of S. cynthia and
H. gloveri, which had been extracted free of any residual 22 as
previously described, were hydrolysed in 6M HC1 (3ml) for 24 hrs
under vacuum. The hydrolysate was dried under N2, redissolved in a
40mM acetate buffer (pH 5.0, 1.0ml) and subjected to reverse phase
HPLC analysis as previously described (p. 167). The HPLC profiles for
both types of cocoons were found to be extremely complex (FIGURE
39). The fluorescent compound corresponding to the peak with a
retention time identical to that of 69. (Rt = 35.17min, label A on
FIGURE 39) was collected on a semi - preparative scale.
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Co-chromatography (t.l.c.) of the eluent vs synthetic 69. gave
identical Rf values for both S. cynthia and H. gloveri hydrolysates in
two solvent systems (n-BuOH:CH3COOH:H20, 4:2:1 and Pyridine: H20,
4:1). The fractions were desalted employing reverse phase HPLC
with H20/CH3CN as the eluent. The desalted fractions were freeze
dried, silylated with BSTFA and subjected to GC/MS analysis.
Synthetic 69. was treated in the same manner. Comparison of the
resultant mass spectra from the hydrolysates with that synthetic
material indicated that the hydrolysates contained 69. (consult
section 5.2.2 for mass spectral fragmentation pattern).
Quantitation of 6£ in the hydrolysates was made on the basis
of the peak height of the fluorescent band corresponding to 69. in the
HPLC profile of the hydrolysates with reference to a calibration
curve in the experimental working range. Two H. gloveri and S.
cynthia cocoons were employed for quantitation purposes, with
resultant mean concentrations of 18 +. 4jxg and 22 ± 8|j.g of 69. per
gram of cocoon being determined respectively.
No free 1 could be detected in the hydrolysate of either species
by HPLC analysis employing fluorescence detection.
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6.3 The silk sclerotization process.

The physical and chemical properties of cuticle and tanned silk
are similar. For example both types of sclerotized proteins exhibit an
increase in resistance to chemical and enzymic attack in conjunction
with hardening and darkening. On the basis of their chemical
stability, resistance to proteolytic enzymes and mechanical strength,
Brunet100 has proposed that 3-hydroxyanthranilic acid and gentisic
acid serve to stabilise the sericin component of silk by extensive
covalent interaction between protein and tanning agent. An efficient
utilisation of tanning agent was found for S. cynthia sericin, with one
molecule of tanning agent available for approximately every 300
amino acid residues. This would indicate that protein linkages to
homo or heteropolymers of the tanning agents (as has been
suggested to occur in arthropod cuticle stabilisation, would not
contribute significantly to the silk sclerotization process- at least not
in this species. This is in line with the present study, where no
oxidative polymerisation of 3-hydroxyanthranilic acid was found to
occur.
Iron and copper ions have been detected in white and brown
silks, these probably belonging to phenol oxidase metalloenzymes
such as peroxidase and tyrosinase type enzymes. Incubation of l_
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with commercially available tyrosinase or peroxidase/H 2 0 2 at p H 7.0
resulted in the formation of cinnabarinic acid 1_. In the latter case
cinnabarinic acid formation was extremely rapid (<5sec), with traces
of the red quinone dimer 30. also being detected. With longer
reaction times, decomposition of 2 by H202 became a problem. None
of the benzocoumarin 2_L could be detected, probably due to its
subsequent oxidation under the reaction conditions. It is interesting
to note that Brunet100 found that cinnabarinic acid was also the
major oxidation product when \_ was incubated with a crude enzyme
extract from 5. cynthia silk.
Identification of the benzocoumarin 69 in acid hydrolysates of
S. cynthia and H. Gloveri cocoons, indicates that the autoxidative
models characterised in the present study may be applied with some
justification to the silk tanning process.
The 3-hydroxyanthranilyl radical 18. would undoubtedly be a
reactive intermediate in the tanning process. Radical-radical
coupling of 38. with a tyrosyl radical, produced either by direct
hydrogen abstraction by a peroxidase enzyme system, or by
'equilibrium' formation via the quinoneimine 39 (consult page 152),
could result in the protein bound benzocoumarin. The radical-radical
coupling of tyrosyl residues (to form predominately bityrosyl cross
linkages) is known to be the molecular mechanism of stabilisation of
resilin, the elastic ligament of arthropod joints.160'161 Although
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unlikely, a purely

autoxidative route towards 69. in the tanned

cocoons cannot be eliminated.
A feature of any sclerotization scheme is the possibility for
covalent cross linkages between protein chains. Under the oxidative
conditions existing during the cocoon tanning period, much of the
protein bound coumarin formed, would undergo further oxidation;
possibly to such intermediates as A. and B_ (FIGURE 40). Radical radical coupling of A. with another tyrosyl residue on a different
protein chain or oxidative conjugate addition of nucleophilic centres
to B_ would result in a coloured cross linked protein. Multiple cross
links would result in a highly extensive stabilised protein network.
Oxidative covalent interaction of nucleophilic centres (most
probably lysyl residues) towards the o-quinoneimine intermediate
39 could also result in intra and intermolecular protein linkages with
concurrent pigmentation (c.f. action of K3Fe(CN)6 upon BSA in the
presence of 1).

COOH

NH2

°YV
£

Coupling of molecular oxygen to the 3-hydroxyanthranilyl
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PEPTIDE CHAIN

PEPTIDE CHAIN

[O]

OH
O

NH-

O

NH

B

FIGURE 40. Possible intermediates in the oxidation of protein bound
tyrosyl/benzocoumarins.
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radical

38., to give the /?-quinone

intermediate

C. would

not

contribute to the cross linking process if conjugate addition of
nucleophilic centres did occur. However, the extent of pigmentation
of the tanned cocoon would be enhanced, (c.f. action 1 upon BSA at
pH 8.0 under autoxidising conditions (section 5.2.1).
Although not the intent of the present study, coupling of the
stable gentisic acid radical with a tyrosyl radical could also result in
a protein bound benzocoumarin (FIGURE 41).

PEPTIDE CHAIN

sericin, [O]
•

cross linked protein

FIGURE 41. Possible tyrosyl/benzocoumarin adduct with gentisic acid.

Further oxidation of such units to the corresponding p-quinone
and coupling with nucleophilic protein residues or further
radical-radical coupling reactions with tyrosine would also result in
pigmentation and cross linking. Cross linking could also occur as
suggested by Brunet (section 1.4.3). These modes of interaction
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would provide a minor source of protein stabilisation in the H.
gloveri and S. cynthia cocoons examined, due to the low
concentration of gentisic acid in their silk glands. This would not be
the case in cocoons of such species as Antheraea pernyi where
gentisic acid constitutes the most abundant tanning agent.100
The action of the oxidising enzyme/s upon the sericin
component of silk may themselves enhance cross linking and
pigmentation. For example tyrosinase has the ability to induce
browning of susceptible proteins along the DOPA oxidation pathway.
Furthermore, protein cross links may also arise via coupling of two
tyrosyl radicals to give biphenyl linkages such as those found in
resilin.160'161
From the above discussion it may be appreciated that the
processes occuring at the molecular level in cocoon tanning are
extremely complex. The representation shown in FIGURE 42 is a
model of the anticipated modes of interaction of 1 with the reactive
functional groups of sericin. These have been based upon the
extensive amino acid and protein modelling studies undertaken, and
the isolation of the characteristic benzocoumarin marker £9. in acid
hydrolysates of S. cynthia and H. Gloveri tanned silks.
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FIGURE 42. Possible modes of interaction of 3-hydroxyanthranilic acid
with the sericin component of silk.

CHAPTER 7
EXPERIMENTAL
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GENERAL PROCEDURES

(a) Melting Points (m.p.)
Melting points were determined on a Reichert hot stage
apparatus and are uncorrected.

(b) Infrared (IR) Spectra
Infrared Spectra were recorded on a Perkin Elmer Infrared
Spectrophotometer-model 783 as mulls in nujol unless otherwise
stated.

(c) Ultraviolet (UV) Spectra
Ultraviolet spectra were recorded on a Shimadzu UV-VIS
Recording Spectrophotometer, Model UV-265.

(d) XH Nuclear Magnetic Resonance (NMR) Spectra
*H NMR spectra were recorded on a JEOL FX 90Q Fourier
Transform NMR Spectrometer operating at 90MHz, or a JEOL
JNM-GX400 Fourier Transform NMR Spectrometer operating at
400MHz. The spectra were measured in CDC13 unless otherwise
stated, relative to tetramethylsilane (0.00 p.p.m.). Each signal is
described in terms of chemical shift in p.p.m. from tetramethylsilane,
multiplicity, intensity, coupling constant (Hz) and assignment in that
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order with the use of the following abbreviations: s, singlet; d,
doublet; t, triplet; q, quartet; and m, multiplet.

(e) 13C Nuclear Magnetic Resonance (NMR) Spectra
!3C NMR spectra were recorded on a JEOL FX 90Q Fourier
transform NMR Spectrometer or a JEOL JNM-GX400 Fourier
Transform NMR Spectrometer. The spectra were measured in CDC13
unless otherwise stated, relative to trimethylsilane (0.00 p.p.m.).

(f) Mass Spectra (MS)
Low Resolution Mass Spectra were recorded on a Vacuum
Generator VG 12-12 mass spectrometer.
High Resolution Mass Spectra were recorded on an AEIMS-902 mass spectrometer using heptaperfluorotributylamine as
reference.

(g) Microanalyses
Microanalyses were performed by the Australian National
University Analytical Services Unit Canberra.

(h) Thin Layer chromatography (t.l.c.)
Thin layer chromatography was carried out on aluminium
backed silica gel plates F254 (Merck). Preparative thick layer
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chromatography (PTLC) was carried out on glass plated

(20x20cm;

2mm thick) coated with silica gel F254 (Merck).

(i) Column Chromatography
The chromatographic adsorbent used was silica gel (0.0630.2mm, Merck) unless otherwise indicated.

(J) High Performance Liquid Chromatography (HPLC)
High performance liquid chromatography was carried out on an
ICI HPLC SYSTEM, on an analytical scale employing a (10cm x 8mm)
Resolve CI 8 Radial - PAK Cartridge, (Waters), or on a
semi-preparative scale employing a stainless steel u-Bondapak C18
column (30cm x 13mm, Waters). The mobile phase consisted of
solvent A: 40mM sodium acetate buffer, adjusted to pH 5.0 with
glacial acetic acid, and solvent B: acetonitrile. The solvent systems
employed were as follows: Isocratic elution with solvent A for
15min, followed by gradient elution for a period of 25min to a final
ratio of 3:2, solvent A:solvent B. Isocratic elution was maintained for
a further 20min. The flow rate was 1.2ml/min. Detection was carried
out employing fluorescence, (Waters fluorescence detector, model
420E. Excitation 338nm; emission 425nm).
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(k) Fluorescence
Fluorescence measurements were performed at the School of
Biological Sciences, University of East Anglia, Norwich U.K.

(1) Optical Rotation
Optical rotations were recorded with a Perkin-Elmer 141
Polarimeter. All rotations were measured in water.

(m) Gas chromatography
Gas chromatography was performed on a Varian (3700) gas
chromatograph equipped with a flame ionisation detector. The
injector port and detector were maintained at 250°C and 260°C,
respectively. Hydrogen at a flow rate of 30 mls/min. was used as the
carrier gas.
The initial temperature was 50°C and the temperature was
programmed to increase at 6°C/min to 280° C using a linear
temperature programmer.

(n) Gas Chromatography/Mass Spectrometry (GC/MS)
Gas chromatographic/mass spectral analyses were performed
on a Varian (3700) GC interfaced directly to a MAT-44 magnetic
sector mass spectrometer equipped with an electron impact (EI)
source. The GC was fitted with a 12m BP-5 fused silica capillary
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column (Scientific Glass Engineering). Hydrogen was used as the
carrier gas, and the temperature programmed from 50°C to 280°C at
10°C/minute using a linear temperature programmer.

(o) General Methods
When anhydrous reaction conditions were required, glassware
was dried in an oven and assembled hot. Solvents used were of
analytical or HPLC grade and dried by standard procedures.
Ethereal diazomethane was prepared from N-methyl-Nnitroso-p-toluenesulfonamide according to the method of Vogel162
and used without drying.
The term 'evaporation of the solvent' refers to removal of the
solvent on a Buchi rotavaporator (water aspirator pressure),
followed by the removal of the last traces of solvent with a high
vacuum pump (ca 0.1-lmm Hg).
Catalase, superoxide dismutase and xanthine oxidase were
obtained from Sigma Chemical Company as suspensions and assayed
as described by the manufacturer. Tyrosinase was obtained from
Sigma Chemical Company as a solid and assayed as described by the
manufacturer. Activities for the enzymes were found as follows:
catalase 3225 units/mg, superoxide dismutase 2195 units/mg,
xanthine oxidase 0.024 units/mg and tyrosinase 907 units/mg.
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7.1 METHODS AND SYNTHESIS FOR THE COMPOUNDS
OF CHAPTER 2.

2-Amino-3H-phenoxazin-3-one-l,9-dicarboxylic acid 2
Preparation according to the method of Whitfield,107
employing an extended reaction time of 8hrs afforded 7 as an orange
solid m.p.>300°C (pyridine) [lit. m.p. > 300°C].107 *H NMR (DMSO-d6) 8
6.57 (s, 1H, C=CHCO), 7.51-7.93 (m, 3H, 3(ArH)), 8.70 (br.s, 1H, NH2),
9.69 (br.s, 1H, NH2), 12.03 (br.s, 2H, 2(COOH)).

6-Amino-3-[(2-carboxy-6-hydroxyphenyl)amino]-2,5-dioxo
-1,3-cyclohexadiene-l-carboxylic acid 3SL
Oxygen was bubbled through a solution of
3-hydroxyanthranilic acid (200mg, 1.31mmol) in a 0.1M sodium
phosphate buffer (50ml, pH 11.7) for 24hrs. The resulting deep red
solution was acidified to pH 2.5 with concentrated HC1 and the
resulting red precipitate of 30 was collected by filtration: (108mg,
50%); m.p.>300°C (butanol saturated with water) [lit. m.p. >300°C]34;
l

R NMR (DMSO-d6) 8 5.08 (s, 1H, C=CHCO), 7.20-7.37(m, 3H, 3(ArH)),

9.56(br.s, 1H, NH2), 9.68(br.s, 1H, ArOH), 10.04(br.s, 1H, NH2),
10.20(br.s, 1H, NH), 12.06(br.s, 2H, 2(COOH));
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C NMR (DMSO-d6) 8
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94.8(d), 98.4(s), 121.3(d), 122.4(d), 123.6(s), 128.5(s), 129.1(d),
149.1(s), 152.3(s), 157.6(s), 167.8(s), 168.3(s), 175.0 (s), 180.1(s)
(Assignments for 30. are shown in TABLE 1); IR: 3360(NH2),
3310(NH2), 3200(NH), 1680(COOH, C=0), 1600, 1560, 1305, 1255,
1152, 960, 887, 840, 805cm"1; UV (EtOH) Xmax 262 nm (loge 4.04),
274nm (loge 4.06), 330nm (loge 4.20), (3.45); HRMS (FAB-MS, [M +
2])163 calculated for C14H10N2O7 + H2 320.0645, found 320.0654.

Methyl 4,7-diamino-8-methoxy-6H-dibenzo[b,d]pyran-6one-3-carboxylate 3 2
3-Hydroxyanthranilic acid (250mg, 1.63mmol) in 0.1M sodium
phosphate buffer pH7.0 (50ml) was saturated with oxygen for 3
days, after which time the pH was adjusted to 6.0 with 1M HC1 and
the solution extracted with ethyl acetate (4 x 100ml). The organic
fractions were combined, dried with Na2S04, filtered and the solvent
removed to give a light red solid which was methylated with an
excess of diazomethane. Column chromatography of the solid after
removal of the solvents (ethyl acetate/hexane (1:1), ethyl acetate
and ethyl acetate/CH3OH(20%) as the eluents) gave 32 which eluted
after methyl 2-amino-3-methoxybenzoate. The solid was washed
with acetone, which followed by recrystallisation from DMSO
afforded pure 32 as a light yellow solid: (8mg, 1.5%), m.p. 236-238°C,
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(Found C60.88; H,4.72; N,8.66. C 1 6 H 1 4 N 2 0 5 requires C,61.14; H,4.49;
N,8.91%). *H NMR (DMSO-d6) 8 3.84 (s, 3H), 3.93 (s, 3H), 6.73 (br.s,
2H), 7.04 (br.s, 2H), 7.30 (d, 1H, J=8.8Hz), 7.33 (d, 1H, J=8.6Hz), 7.43
(d, 1H, J=8.6Hz), 7.64 (d, 1H, J=8.8Hz) (*H NMR assignments for 12
are shown in TABLE 4 );
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C NMR (DMSO-d6) 8 51.66, 56.00, 101.41,

107.78, 108.00, 109.25, 115.41, 121.81, 125.41, 125.97, 137.38,
140.08, 142.67, 146.52, 161.54, 167.35 (13C NMR assignments for 32
are shown in TABLE 4); UV (DMSO/CH3OH (2:3)) A,max 255.0 (loge
4.27), 328.5nm (loge 3.82), 378.5nm (loge 4.09).

Decomposition of cinnabarinic acid 7 by hydrogen peroxide
To a stirred solution of 7. (lg, 3.3mmol) in a 0.1M sodium
phosphate buffer (pH7.0, 200ml) was added H202 (2.3ml of a 30%
solution). The solution was stirred for 12hrs. The resultant yellow
solution was acidified to pH 3.5-4.0 with 1M HC1 and extracted with
ethyl acetate (6 xl50ml). The organic extracts were combined, dried
(MgS04) and the solvent removed under vacuum to afford
3-hydroxyanthranilic acid as an off white solid (367mg, 36%). The
isolated compound was identical by *H NMR and IR to commercial
material.
The aqueous fraction was freeze dried to 20ml in volume and
subjected to column chromatography on Sephadex G-25 employing
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water as the eluent. The major yellow band was collected, freeze
dried and chromatography repeated on Sephadex G-25. The yellow

fraction was freeze dried and purified twice more on Sephadex Gemploying water as the eluent. Freeze drying afforded
2-(hydroxy)amino-4,4a-dihydro-4,4a-dihydroxy-3H-phenoxazin-3-

one-l,9-dicarboxylic acid as a mixture of the isomers 37a and 37
an unstable yellow solid. (150mg, 13%) m.p. 188-195°C(decomp)

(Found C,48.56; H,3.19; N,7.67. C14H10N2O9 requires C,48.00; H,2.86

N,8.00%). *H NMR (D20:DMSO-d6, 1:1) in part, 8 5.14 (s, 1H), 5.63 (
1H);
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C NMR (D20:DMSO-d6, 1:1) 8 76.97, 80.49, 89.51, 90.05, 92.65,

94.29, 118.91, 119.52, 124.39(br), 124.82, 125.72, 127.25(br),
128.20, 128.6, 142.85, 143.14, 153.83, 154.84, 165.14, 165.39,
167.17, 167.75, 168.80, 169.10, 169.30, 169.77 (13C NMR
assignments for 37 are as shown in TABLE 5); FTIR (KBr): 3542,
3450, 3212, 3079, 2891, 1792, 1778, 1688, 1678, 1618, 1592, 1551,
1497, 1471, 1406, 1384, 1365, 1281, 1252, 1180, 1156, 1092,

758cm-1; UV(H20) Xmax 231.4nm (loge 4.10), 249.6nm (sh, loge 4.01)
396.8nm (loge 4.30).

Methyl-3-methoxy-2-aminobenzoate 2_3
To a stirred suspension of 3-hydroxyanthranilic acid (200mg,
1.31mmol) in ether/methanol (50ml, 1:1) was added an excess of
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etheral diazomethane. The

solution was

stirred overnight upon

which time the solvent was removed under vacuum.
Recrystallisation of the residue from methanol afforded pure 3_2_ as
white crystals. (200mg, 91%) m.p. 46-48°C [lit m.p. 47-48°C].164 !H
NMR (DMSO-d6) 3.79 (s, 3H, CH3), 3.81 (s, 3H, CH3), 6.29 (br.s 2H,
NH2), 6.52(dd, 1H, J=8.0, 8.0Hz, H-5), 6.98(dd, 1H, J=1.6, 8.0Hz, H-4),
7.34(dd, 1H, J=1.6, 8.0Hz, H-6);
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C NMR (DMSO-d6) 51.14(q, COOCH3),

55.54(q, ArOCH3), 108.54(s, C-1), 113.38(d, C-4), 113.82(d, C-5),
121.72(d, C-6), 141.54(s, C-2), 146.61(s, C-3), 167.70(s, COOCH3).

6H-Dibenzo[b,d]pyran-6-one 34
Preparation according to the literature108 afforded 3A as a
light yellow solid, m.p. 89-91°C (hexane) [lit. m.p. 91-94°C]108
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C

NMR (DMSO-d6) 8116.84, 116.98, 120.26, 122.06, 123.09, 124.31,
128.79, 130.26, 133.92, 134.80, 150.37, 159.79 (13C NMR
assignments for 34 are shown in TABLE 2); UV (CH3OH:DMSO,3:2)
A-max 260.7nm (loge 4.11), 271.lnm (loge 4.12), 288.1nm (loge 3.71),
298.3nm (loge 3.80), 315.5nm (loge 3.80).

2'-Methoxy[l,l'-biphenyl]-2-carboxylic acid 25.
Preparation according to the literature109 afforded 35_ as a
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white solid, m.p. 148-150°C ( C 6 H 6 ) [lit. m.p. 152-153°C] 109 lU
NMR(DMSO-d6)8 3.65(s, 3H, ArOCH3), 7.0-7.8 (m, 8H, 8(ArH))
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C

NMR (DMS0-d6) 8 54.96(ArOCH3), 110.79(0-3'), 120.31(C-5'), 126.80,
128.50, 128.70, 129.58, 130.85, 131.00, 132.70, 138.12, 156.03(C-2'),
168.62(COOH).

V -Hydroxy [1,1' -biphenyl] -2-methanol 2_£
Preparation according to the literature108 afforded 36. as a
white solid, m.p. 129-13PC [lit m.p. 131-132°C]108

13

C NMR

(DMSO-d6) 8 60.86(CH2OH), 115.52(C-3'), 118.99(C-6'), 126.06,
126.31, 126.80, 127.63, 128.46, 129.68, 130.75, 136.90, 140.56,
154.28(C-2') IR: 3510(OH), 1588, 1502, 1290, 1270, 1260, 1199,
1098, 1017, 1002, 970, 832, 760, 740cm"1.

Electrochemical Studies upon 3-hydroxyanthranilic acid
The electrochemical cell consisted of a pyrex container,
modified to accomodate 3 electrodes as well as a N2 purge line. The
reference electode was a commercially available polymer coated

silver/silver chloride electrode (Bioanalytical Systems). The auxiliary
electrode was a Pt coil. The working electrode consisted of glassy
carbon (Bioanalytical Systems). All electrochemical experiments
were conducted with a Houston Ommnigraph model 2000
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potentiostat and

a Bioanalytical

Systems

Cyclic

voltammograph

model CV-27 potential programmer.
In a typical experiment, a solution of 3-hydroxyanthranilic acid
(120|ig/ml) was purged with N2. The N2 line was removed from the
solution, and a gentle stream of N2 maintained over the solution.
Cyclic voltammetry was carried out over -0.5V to +0.7V (vs Ag/AgCl)
at a scan rate of 50mV/s.

Product versus Time study for the production of 2 and 2iL
For each set of experiments, 3-hydroxyanthranilic acid
solutions were made up in 0.2M sodium phosphate buffer at a
concentration of lmg/ml and divided into 40ml aliquots. Enzymes
were added as described under FIGURES 12-16. For reactions
involving the use of xanthine, stock solutions of JL were stirred under
N2 with an excess of xanthine for lhr. The excess xanthine was
removed by filtration and the 3-hydroxyanthranilic acid solutions
used as described.
The 40ml aliquots were oxygenated and at pre-determined
intervals 1ml aliquots were taken, DMF(0.2ml) and 1M HCl(40u.l)
added and 7 and 30. separated by chromatography on LH sephadex
using 0.2M phosphate buffer, pH 3.0/DMF(20%) as the eluent.
Compound 7. eluted first followed by \_ and 30.. Fractions were
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collected in volumetric flasks, made up to volume with the eluent
and the absorption at Xmax determined (454nm...7; 517...30). Results
are expressed in terms of percentage conversion of 1 to 7 or 30.

Decomposition of Cinnabarinic Acid by Superoxide
Cinnabarinic acid (4.08mg) was dissolved in 0.2M sodium
phosphate buffer (pH 7.0, 250ml) and the solution saturated with
xanthine as previously described. The solution was divided into
25ml aliquots and treated as described in the text (FIGURE 17). The
decrease in the characteristic absorbance of 7. was recorded and the
results expressed in terms of percentage 7 remaining.

2-Amino-3H-phenoxazin-3-one 1J£
Preparation according to the literature165 afforded JJL as a
purple solid m.p. 254°C [lit. m.p. 256-257°C ].165 !H NMR (DMSO-d6)

8 4.34 (br.s, 2H, NH2), 6.36 (s, 1H, C-1), 6.37 (s, 1H, C-4), 6.8-7.3 (m,
4H, ArH); 13C NMR (DMSO-d6) 8 98.34(C-1), 103.32(C-4), 115.77(C-6),
125.14(C-9), 127.87(C-8), 128.87(C-7), 133.63(C_-N = C),
141.78(£-0-C=CH), 147.25(C-2), 148.12 (0-C=CH), 148.71(C=N),
180.00(C-3). IR: 3410, 1585, 1570, 1275, 1205, 1172, 845, 760cm'1;
UV(CH3OH) Xmax 235.5nm (loge 4.34), 433.5nm (loge 4.32), 500nm
(loge 3.51).
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Pulse Radiolysis Experiments.
3-hydroxyanthranilic acid (1.1 ImM) was prepared in a ImM
phosphate buffer (pH 7.0) just prior to use, and the pH adjusted
using potassium hydroxide. The acceptors, crystal violet,
phenosaframine, indigo carmine, methylene blue and thionine were
employed at concentrations between 2-5 xl0"5M . Single pulses of
2.3Mev electrons of 30nsec duration were used and provided by a
Febetron (Field Emission Corp) 705 pulse radiation source.
The absorbance due to 100% formation of acceptor radicals was
determined in all cases immediately prior to carrying out the
experiment. Acceptors were used in the same concentration as in the
electron transfer experiment but in the presence of 1M t-butanol
and 1 atmosphere of N2. The same pH, radiation dose, monitored
wavelength and monochromator slit width were used.
A synchronized shutter was used to reduce photolysis of the
acceptors by the monitoring light.

Autoxidation of 3-Hydroxyanthranilic Acid in H^O.
3-Hydroxyanthranilic acid (5mg) and Na3P04 (25 mg) were
dissolved in H2180 (97% 180, 0.6ml). Small amounts of sodium were
added until the pH was appoximately 11.0. Air was blown through
the stirred solution for 4hrs. The resulting red solution was acidified
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with glacial acetic acid and the precipitate collected by filtration.
Mass spectral data indicated that virtually pure 30 resulted with no
incorporation of 180 into the quinoid system.

18

02 labelling study

A solution of 3-hydroxyanthranilic acid (20mg) in a 0.1M
sodium phosphate buffer (10ml, pH 11.7) was purged with N2 for 15
min. The solution was divided into two, and the halves saturated
with 1802 (97.5% 180) in a closed system for a period of 5hrs. The
solution were then acidified to pH 3.0 with 1M HC1, and the
precipitates collected by extraction with ethyl acetate (2 x 5ml).
These were dried (MgS04) and the supernatant removed and blown
dry under N2. Fast atom bombardment (F.A.B.) mass spectrometry
employing nitrobenzyl alcohol as matrix indicated an average
incorporation of 90% 180 into 30-

210

7.2 METHODS AND SYNTHESIS FOR THE COMPOUNDS
OF CHAPTER 3.

6-Amino-3-(phenylamino)-2,5-dioxo-1,3-cyclone xadiene-1carboxylic Acid 48.
C02-free air was bubbled through a stirred solution of
3-hydroxyanthranilic acid (200mg, 1.31mmol) in a 0.1M sodium

phosphate buffer (50ml, pH 11.7) containing aniline (5 equivalen

for 24 hrs. The resulting pink precipitate was collected by filt
to afford the sodium salt 48_a (238mg, 65%). IR: 3546(NH),
3343(NH2), 3260(NH2), 3160, 1650, 1600, 1560, 1370, 1312, 1240,
850, 817, 745, 693 cm"1; FAB-MS, m/z 214 (M - 44, - C02), 23
(Na+).
The salt was dissolved in glacial acetic acid (100ml) and water
(10ml). The solution was freeze-dried and recrystallised from

dioxane to yield 48. as a brilliant purple solid: m.p. 248°C [li

245°C]105; !H NMR (DMSO-d6) 8 5.79 (s, 1H), 7.4 (m, 5H), 8.62 (br.s,
1H, NH), 9.02 (br.s, 1H, NH2), 9.18 (br.s, 1H, NH2);

13

C NMR (DMSO-

d6) 8 94.70, 96.54, 124.40 126.46, 129.33, 137.01, 148.68, 156.78,
167.76, 174.93, 179.77; IR: 3285(NH2), 3160(NH2), 1710(COOH),
1603, 1576, 1550, 1250, 1210, 1115, 1080, 868, 738, 700 cm"1; UV
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( D M S O ) Xmax 263 n m (loge 4.22), 345.5nm (loge 4.21), 521.5nm (loge
3.32).

Preparation of 6-Amino-3-(phenylamino)-2,5-dioxo-l,3cyclohexadiene-1-carboxylic Acid 4 8 from 3,6Di(phenylamino)-2,5-dioxo-3,6-cyclohexadiene-l-carboxyli
c acid 2L2
METHOD 1: To a suspension of 29 (l.Og, 2.99mmol) in ethanol
(50ml) was added benzylamine (0.33g, 3.10mmol). The solution was
refluxed for a period of 12hrs. After cooling the resultant precipitate
of 4JL was collected by filtration. Recrystallisation from dioxane
afforded pure 48. as a purple solid (718mg, 93%), m.p.248°C [lit. m.p.
245°C].105
METHOD 2: To a stirred suspension of 29 (l.Og, 2.99mmol) in
ethanol (50ml) was added NH3 (1.1 equivalents). The solution was
stirred for 24hrs. The resultant precipitate of 48 was collected by
filtration. Recrystallisation from dioxane afforded pure 48_ as a
purple solid (733mg, 95%), m.p.247°C [lit. m.p. 245°C].105

3,6-Di(phenylamino)-2,5-dioxo-3,6-cyclohexadiene-l-carboxylic acid 2_2
Preparation according to the literature105 afforded 29. as a
brown solid, m.p. 236°C [lit. m.p. 240°C].105
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6-Amino-3-[(phenylmethyl)amino]-2,5-dioxo-l,3-cyclohexadiene-1-carboxylic Acid £0..
The sodium salt of 50. was prepared analogously to 48a except
that benzylamine was substituted for aniline: (119.6mg, 51%),
FAB-MS, m/z 228, 23 (Na+). IR: 3540(NH), 3360(NH2), 3308(NH2),
3140, 1650, 1599, 1560, 1490, 1242, 976 cm"1.
The salt was converted into the free acid 50. in an analogous

fashion to that for 48.: m.p. 186-187°C (dioxane/ethanol). lU NMR

(DMSO-d6) 8 4.19 (d, J=3.3Hz, 2H, PhCH2NH)), 5.19 (s, 1H, C=CH), 7.

(s, 5H, 5(ArH)), 8.64 (bt, 1 H, J=3.3Hz, NH), 9.21 (br.s, 1 H, NH2)
(br.s, 1H, NH2), 13.15 (br.s, 1H, COOH);

13

C NMR (DMSO-d6) 844.61 (t

93.75 (s, C-1), 94.37 (d, C-4), 126.38 (br.d), 127.63 (d), 135.82
149.98 (s) 156.71 (s), 167.06 (s,COOH), 172.48 (s), 178.68 (s);
3420(NH), 3280(NH2), 3140(NH2), 1712(COOH), 1560, 1440, 1250,

1215, 1063, 875, 780, 740, 725, 692 cm"1; UV (DMSO) Xmax 27
(loge 3.88), 334.0nm (loge 4.21), 497.0nm (loge 2.88); HRMS
calculated for C14H12N204 272.0797, found 272.0796.
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6-Amino-3-[(2-phenyl)amino]-2,5-dioxo-l,3-cyclohexadiene-1-carboxylic Acid 5±.
The sodium salt 51a was prepared analogously to 48a except

that 2-phenylethylamine was substituted for aniline: (246mg, 61%
FAB-MS m/z 242, 23(Na+). IR: 3445(NH), 3363(NH2), 3308(NH2),
3140, 1648(C=0), 1598, 1560, 1490, 1338, 1233, 1177, 803, 738, 695
cm*1.
The salt was converted into the free acid 51 in an analogous

fashion to that for 48: m.p. 178°C(dioxane). !H NMR (DMSO-d6) 8 2

(t, J=7Hz, 2H, NHCH2CH2Ph), 3.48 (t, J=7Hz, 2H, NHCH2CH2Ph), 5.59 (s
1H, C=CHCO) 7.26 (br, 5H, 5(ArH));

13

C NMR (DMSO-d6) 8 33.30 (t,

NHCH2CH2Ph ), 43.60 (t, NHCH2CH2Ph ), 94.45 (s, C-1), 94.45 (d, C

126.23 (d), 128.33 (d), 138.53 (s), 150.63 (s), 157.80 (s), 167.
COOH), 173.22 (s), 179.22 (s); IR: 3296(NH), 3240(NH2), 3190(NH2),

1690, 1590, 1540, 1510, 1250, 780, 748, 698 cm"1; UV (DMSO

271.0nm (loge 3.81), 334.0nm (loge 4.20), 503nm (loge 2.83); HRMS
calculated for C15H14N204 286.0954, found 286.0952.
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6-Amino-3-[[5-[[(tert-butyloxy)carbonyl]amino]-5-carboxy
-l-pentyl]amino]-2,5-dioxo-l,3-cyclohexadiene-l-carboxylic Acid. 5_5
C O

2

- free air was bubbled through a solution of

3-hydroxyanthranilic acid (200mg, 1.31mmol) in a 0.1M sodium

phosphate buffer (50ml, pH11.7) containing of N-a-t-Boc-L-lysine
equivalents) for 24hrs. The resulting red solution was acidified
2.5 with concentrated HC1 and extracted with ethyl acetate (2 x

washes). The organic extract was dried (MgS04), filtered, and rota

evaporated to yield a red solid which was chromatographed on sil
gel employing an ethyl acetate/methanol gradient. The resulting

band was collected. Removal of solvent gave 55. (200mg, 37.0%), m
138-140°C (methanol/water). lH NMR (DMSO-d6) 8 1.37-1.80 (m,
15H, C(CH3)3, CH2CH2CH2CH2NH), 3.10 (br.t, 2H,CH2CH2NH), 3.99 (br.t,

1H, CH2CH(COOH)NH), 5.56 (s, 1H, C=CHCO), 7.00 (br.d, 1H, NHCH), 8.4

(br.t, 1H, NH), 9.53 (b, 1H, NH2), 10.04 (b, 1H, NH2), 13.12 (b, 2H
2(COOH));
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C (DMSO-d6) 8 23.05(t, NHCH2CH2CH2), 26.86 (t,

NHCH2CH2CH2), 28.13 (q, C(CH3)3), 30.42 (t, CH2CH2CH), 42.1 (t,
£H2NH), 53.31 (d, CH2CH(COOH)NH), 77.96 (s, C(CH3)3), 94.21 (C-4),
94.27 (C-1), 150.83 (s, C-6), 155.51 (C-3), 157.95 (CONH), 167.95
(COOH), 172.94 (COOH), 174.11 (CO, quinone), 179.53 (CO, quinone);
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IR: 3340 (NH 2 ), 3315 (NH 2 ),

3300(NH),

3185,

1700(COOH),

1690(COOH), 1530, 1250, 1165, 770 cm"1; UV (CH3OH) Xmax 267.0nm
(loge 4.14), 326.0nm (loge 4.55), 499.5nm (loge 3.07); HRMS
calculated for C18H25N308 411.1642, found 411.1635.

6 -Amino -3(5 -amino-5 -car boxy -pentylamino) -2,5 -dioxo-1,3
-cyclohexadiene-1-carboxylic acid 54.
Compound 55. (100 mg) was dissolved in trifluoroacetic acid
(7ml). Bubbling was immediate and after 15 min the TFA was
removed under N2. The red solid was washed with acetone (20ml)

and recrystallized from water to give 46 mg (61%) of 54. as a re

solid, m.p. >250°C (decomposes at 165-175°C), (Found C,49.8; H,5.
N,13.2. C13H17N306 requires C,50.2; H,5.5; N,13.5%). IR: 3500-3200
(COOH), 3315, 3305, 3195, 1585, 1525, 1205, 1185, 1130 cm*1; UV

(H20) Xmax 267.5nm (loge 3.76), 329.0nm (loge 4.14), 498.6nm (log
2.81).
The above was identical in all respects to 54. prepared by the
following method:
3-hydroxyanthranilic acid (300mg) and L-Lysine (4
equivalents) were dissolved in a sodium phosphate buffer (0.1M,
150ml) and the pH adjusted to 11.7 with 6M NaOH. Oxygen was

blown through the solution for 24 hrs after which time the pH wa

216

lowered to 3.0-3.5 with cone HC1 and the solution filtered. The
volume of solution was reduced to 50ml by freeze drying. Portions
(1.5ml) were applied to pre-conditioned Sep Pac C-18 cartridges
(Waters) and washed with 2 x 5 ml of water to remove salt and
L-Lysine. Flushing with the minimum amount of CH3OH/H20 (20%)
eluted a red band. Collection of these followed by evaporation of
CH3OH by rotary evaporation then H20 by freeze drying gave 94 mg
(23%) of 54.

General Procedure for the Preparation of 3- Amino
Substituted 2,5 - dioxo-1,3 - eye lohexadiene-1-car boxy lie
acids 5JL 52. and 5JL
As a general procedure, 3-hydroxyanthranilic acid (500 mg,
3.27mmol) was dissolved in a Na3P04 buffer (0.1 M, 100 ml) to
which was added the amino acid (80 equivalents). The pH was
adjusted to 11.7 with 6M NaOH and oxygen bubbled through the
solution for 24 hrs to maintain oxygen saturation. After this time
the red solution was acidified with cone HC1 to a pH of 3.0-3.5 and
repeatedly extracted with ethyl acetate (10 x 50 ml). The organic
extracts were combined, dried quickly with MgS04, filtered,
evaporated almost to dryness and dissolved in CH3OH/Et20 (25ml,
1:1). An excess of etheral diazomethane was added and the solution
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stirred overnight.

Removal of solvent gave either solids or oils.

These were purified as described below.

Methyl 6-amino-3-(methoxycarbonylmethylamino)-2,5dioxo-l,3-cyclohexadiene-l-carboxylate £6..
The solid obtained utilizing glycine as the amino acid was

washed with ether to afford 56 as an orange powder: (158mg, 18%)
m.p.l88-190°C (darkens at 170°C), (Found C,49.1; H,4.5; N,10.2.
c H

n i2N2°6 squires C,49.3; H,4.5; N,10.4%). lR NMR (DMSO-d6) 8 3.69

(s, 3H, COOCH3), 3.72 (s, 3H, COOCH3), 4.11 (d, J = 6.4Hz, 2H,CH2NH)

5.48 (s, 1H, C=CHCO), 7.99 (br.t, 1H, CH2NH), 8.78 (br, 1H, NH2), 9.3
(br, 1H, NH2); FTIR (KBr) 3329(NH), 3287(NH2), 3203(NH2),
1741(COOCH3), 1653(C=0, quinone), 1558, 1499, 1481, 1437, 1358,
1340, 1301, 1274, 1248, 1228, 1117, 1097, 1030, 1019, 980, 919,

863, 850, 838, 808, 746, 734, 715, 703 cm"1; UV (CH3OH/DMSO (4%))

Xmax 265.6nm (loge 4.26), 326.4nm (loge 4.58), 467.8nm (loge 3.18)

Methyl 6 -amino- 3- (1- (methoxy car bony l)e thy 1 amino)- 2,5dioxo-1,3- cyclohexadiene-1-carboxylate £7.
The solid obtained utilizing L-Alanine as the amino acid when
chromatographed on silica gel using EtOAc as eluent afforded 51

an orange solid after evaporation of solvent: (276mg, 30%); m.p.
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136-138°C (C6H6/petroleum spirit 80-100°C), (Found C, 51.0; H, 4.
N, 9.5. C12H14N206 requires C, 51.1; H, 5.0; N, 9.9%). lU NMR 8 1.53
J=6.8 Hz, 3H, CHCH3), 3.79 (s, 3H, COOCH3), 3.88 (s, 3H, OCH3), 4.06
(q.d, J=7.1 Hz, 6.8 Hz, NHCHCH3), 5.45 (s, 1H, C=CHCO), 7.20 (br.d,
Hz, 1H, NHCH), 7.63 (br.s, 1H,NH2), 9.57 (br.s, 1H, NH2).

13

C NMR 8

17.4 (CHCH3), 50.8 (q, COOCH3), 51.6 (d, CHCH3), 52.7 (q, COO£H3), 95.2

(d, C-4), 96.5 (s, C-1), 149.7 (s, C-3), 156.8 (s, C-6), 168.6 (s, COO
171.2 (s, £OOCH3), 174.5(s, C=0, quinone), 175.5 (s, C=0, quinone);
3390(NH), 3360(NH2), 3325(NH2), 1742(COOCH3), 1660(C=O,quinone),
1608, 1570, 1338, 1307, 1296, 1250, 1227, 843, 820 cm"1.

Methyl 6-amino-3-(l-(carboxy)ethylamino) -2,5 -dioxo-1,3cyclohexadiene-1-carboxylate 53.
The solid obtained using L-alanine as the amino acid with a

reduced methylation time of lhr was washed free of 51 with 5ml o

ethyl acetate to leave 18 as a dark purple solid. Washing the so
with hot ethanol (3 x 0.5ml) followed by a little ethyl acetate
afforded pure 18 as a mauve solid (130mg, 15%) m.p. 188-190°C,

(Found C,48.82; H,4.47; N,10.14. CUH12N206 requires C,49.25; H,4.47
N,10.45%). lH NMR (DMSO-d6) 8 1.43 (d, 3H, J=6.8Hz, CHCH3), 3.67 (s,

3H, COOCH3), 4.48 (dq, 1H, 8.4,6.8, CH(CH3)NH), 5.58 (s, 1H, C=CHCO)
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8.14 (br.d, 1H, J=8.4Hz, N H ) , 9.56 (br.s, 1H, N H 2 ) , 10.00 (br.s, 1H,
NH2), 13.32 (br.s, 1H, COOH);

13

C NMR (DMSO-d6) 8 16.36 (q, CHCH3),

50.33 (q, COOCH3), 52.34 (q, COOCH3), 94.44 (s, C-4), 95.47 (s, C-1),
149.56 (C-3), 157.13 (C-6), 167.68 (COOCH3), 171.00 (COOH), 174.03
(£.0), 179.17 (CO); IR: 3340, 3280, 3170, 3000-3500 (COOH), 1750
(C=0 acid), 1698 (C=0 ester), 1540, 1300, 1135, 962, 902, 800,
760cm"1.
Removal of solvent from the filtrate afforded 52 (140mg, 15%)
after purification by column chromatography employing the solvent
sequence ethyl acetate/hexane (1:1) to methanol.

General Procedure for the Preparation of 3-Amino
Substituted 2,5-dioxo-l,3-cyclohexadiene-l-carboxylic
acids 12. and 6Jh
As a general procedure, 3-hydroxyanthranilic acid (200mg)
was dissolved in a Na3P04 buffer (0.1 M, 100ml) to which was added
the amino acid (80 equivalents). The pH was adjusted to 11.7 with
6M NaOH and oxygen bubbled through the solution for 24 hrs to
maintain oxygen saturation. After this time the red solution was
acidified with cone HC1 to a pH of 3.0-3.5 and repeatedly extracted
with ethyl acetate (7 x 75ml). The organic extracts were combined,
dried quickly with MgS04, filtered, evaporated almost to dryness and
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dissolved

in C H 3 O H / E t 2 0

(25ml, 1:1). An excess of ethereal

diazomethane was added and the solution stirred overnight.

Removal of solvent gave either solids or oils. These were purifi
described below.

Methyl 6-amino-3(4-oxo-l-pentylamino)-2,5-dioxo-l,3cyclohexadiene-1-carboxy late 12_ and Methyl 6H, 9H,
7-amino-2,3-dihydro-6,9-dioxobenzo[f]-lH-azepine-8carboxylate £JL
The oil obtained utilizing proline as the amino acid was
chromatographed (silica gel) using ethyl acetate/hexane (3:1)

followed by gradient elution with ethyl acetate. The initial pur
band was collected, blown dry to give 60. as a purple solid. (7
(2%)). C.I.M.S. 248g/mol; !H NMR 8 2.59 (tdd, J=5.7, 4.4, 1.1 Hz,
CH2CH2CH=CH), 3.62 (td, J 4.4, 5.1 Hz, NHCH2CH2), 3.88 (s, 3H,
COOCH3), 5.92 (dt, J=11.7, 5.7 Hz, 1H, CH2CH2CH=CH), 6.75 (dt, 1H,

J=l 1.7,U Hz, CH2CH2CH=CH ), 7.6 (br.s, 1H, NH2), 7.8 (br.s, 1H, N
9.6 (br.s, 1H, NH);

13

C NMR 8 32.2(C-3), 45.9 (C-2), 51.9 (COOCH3),

96.0 (C-8), 107.0 (CH2CH=CH-CH=C), 121.5 (C-4), 128.8 (C-5), 148.3

(C-7), 156.8 (C-10), 168.7 (COOCH3), 174.7, 175.0; IR: (CHC13) 3402,
3290, 1720 (C=0,ester), 1660 (C=0, quinone), 1570, 1520, 1453,
1438, 1340, 1060, 910cm"1.
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The large orange band gave 37mg (10%) of 5_9_ upon

evaporation of solvent, m.p. 158-160°C (ethanol), (Found C,55.7;
H,5.9; N,10.0. C13H16N205 requires C,55.4; H,6.2; N,9.8%). ^U NMR 8

1.93 (tt, J=6.8, 6.8Hz, 2H, CH2CH2CH2); 2.16 (s, 3H, COCH3), 2.55 (t

J=6.8Hz, 2H, CH2CH2CO), 3.19 (td, 6.8, 7.1 Hz, 2H, NHCH2CH2), 3.87 (

3H, COOCH3), 5.51 (s, 1H, C=CHCO), 6.97 (br.s, 1H, NH2), 7.73 (br.s,
NH2), 9.65 (br.s, 1H, NH).

13

C NMR 8 22.1 (CH2CH2CH2), 29.8 (COCH3),

40.3 (CH2CO), 42.2 (CH2NH), 51.6 (COOCH3), 94.39 (C-4), 94.43 (C-1),

151.2 (C-6), 157.5 (C-3), 168.6 (COOCH3), 174.8, 174.9, 207.2(COCH3);
UV (EtOH) Xmax 208.5nm (log e 4.19), 267.5nm(loge 3.90), 328.5nm
(loge 4.27), 479.5nm (loge 2.91).

6-Amino-3-(phenylamino)-2-(phenylimino)-5-oxo-l,3-cycl
ohexadiene-1-carboxylic Acid 12..
To a suspension of Ag20 (1.7g, 7.4mmol) in 90ml of glacial
acetic acid was added aniline (0.48g, 5.2mmol) and
3-hydroxyanthranilic acid (200mg, 1.3mmol) in small portions.

Vigorous shaking for lhr gave a deep red solution which was fil
free of Ag20 and Ag. Addition of water (500ml) to the filtrate

resulted in a black precipitate which was collected by filtrati

dried over P205. The filtrate was extracted with 3 x 100ml washe
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CH2C12

and the combined extracts were washed with 2 x 50ml

portions of water. The organic fraction was dried with MgS04 and
filtered and the solvent was removed to yield a black oily residue.
This residue was combined with the previous precipitate and
chromatographed on silica gel. The following solvent gradient was
used: CH2C12, CH2Cl2/EtOAc (1:1), EtOAc, EtOAc/MeOH (9:1). The

various fractions are collected and spotted onto t.l.c. plates. The red
fraction with an Rf value of 0.38 (EtOAc/hexane, 1:1) was rotary
evaporated to leave 52 as a red solid (104mg, 24%). Instability of 5_2
prevented further purification. For example, attempted
recrystallisation of 5 2 from ethanol/water afforded 4 8
quantitatively via intramolecular acid-catalysed imine hydrolysis: JH
NMR 8 5.93 (s, 1H, C=CHCO)), 6.8-7.3 (m, 10H, 10(ArHD, 7.92 (br.s,
1H, NH), 8.93 (br.s,lH, NH2), 9.26 (br.s, 1H, NH2), 12.06 (br.s, 1H,
COOH); 13C NMR 8 95.1, 100.5, 120.1, 123.8, 126.3, 127.1, 129.8,
130.6, 136.0, 145.1, 148.8, 152.0, 155.0, 170.3, 177.6; IR (CHC13)
3420, 3380, 3260, 1730, 1665, 1646, 1585, 1540, 1496, 1370, 1350,
960 cm"1; MS (CI), m/z 333 (M+), 289 (M- C02).
Alternative method:
To a stirred solution of 1 (50mg, 0.33mmol) in ethanol (25 ml)
was added aniline (2.05 equivalents) and Ag20 (425mg, 1.85mmol)
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over a period of 0.5 hrs. After stirring for lhr the solution was
filtered, and the filtrate evaporated under vacuum to yield 5_2
(89mg, 82%).

2-Amino-5-(phenylamino)-4-(phenylimino)-l-oxo-2,5cyclohexadiene 51
Preparation according to the literature131 afforded 51 as a dull
red solid m.p. 125°C [lit m.p. 127°C].131 lR NMR 8 4.86 (br.s, 2H,
NH2), 5.59 (s, 1H, H-3), 6.07 (s, 1H, H-6), 7.3 (m, 10H, 10(ArH)), 8.7
(br.s, 1H, NH); IR: 3430, 3300, 3260, 1610, 1588, 1538, 1230, 855,
830, 750, 683cm"1; UV (EtOH) Xmax 268.0nm (loge 4.04), 350.0nm
(loge 4.04), 526.0nm (loge 3.18).

N.N'-Bis-tert-butyloxycarbonyl-L-cystine 63.
Preparation according to the literature166 afforded 61 as a
white solid m.p. 145-147°C. [lit. m.p. 145-146°C].166 IR: 3360,
3200-2500(br), 1750-1650 (multiplet), 1520, 1415, 1390, 1285,
1240, 1160, 1050, 1025, 870, 790, 755 cm1.

N-tert-Butyloxvcarbonvl-L-cvsteine
Preparation from 61 according to the literature167 afforded Ntert-butyloxycarbonyl-L-cvsteine as a yellow oil.
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Reaction of 3-hydroxyanthranilic

acid with thiols.

A GENERAL PROCEDURE.

Dipheny ldisulfide 62
C O 2 - free oxygen was bubbled through a stirred solution of
3-hydroxyanthranilic acid (200mg, 1.51mmol) in a 0.1M sodium
phosphate buffer (50ml, pH 7.0 or 11.7) containing thiophenol
(0.66g, 6.0mmol) for 24hrs. The resulting precipitate was collected
by filtration. Recrystallisation from 95% ethanol afforded pure 62 as
white needles (0.60 g, 92%). m.p. 59-61°C. [lit. m.p., 61.5°C].168

Poly(ethylene disulfide) 6 5
Utilising 1,2-ethanedithiol (570mg, 6.0mmol) in the above
procedure resulted in the formation of 61 (530mg, 96%) as an off
white solid, m.p. 141°C. [lit. m.p. 145°C]169

N.N' -Bis-tert-buty loxycarbony 1-L-cy stine 63
Utilizing N-tert-butyloxycarbonvl-L-cvsteine (1.3g, 6.0mmol)
in the above procedure did not result in the production of a
precipitate. The autoxidation solution was acidified to pH 3-4 with
1M HC1 and extracted with ethyl acetate (3 x 75ml). The organic
fractions are combined, dried (MgS04) and evaporated to dryness to
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yield 6 1 (l.lg, 8 3 % ) . Recrystallisation from ethyl acetate/petroleum
ether(60-80°C) afforded pure 61 as a white solid, which was
identical by IR spectroscopy to synthetic 61 prepared previously.

General Procedure for the Preparation of <L6_-£JL from
3-Hydroxyanthranilic acid.
Oxygen was bubbled through a solution of 1_ (200 mg,
1.31mmol) and either p-cresol, p-ethylphenol, or N-Boc-L-tyrosine
in a pH 7.0 phosphate buffer (100ml) at room temperature for 24
hrs. The solution was acidified to pH 6.0 and extracted with ethyl
acetate (3 x 100ml). The organic extracts were combined, dried
(MgS04) and the solvent removed under vacuum. The residue was
dissolved in methanol (50ml) and treated with an excess of
diazomethane overnight. Solvent was then removed. The compounds
66-68 (from p-cresol, p-ethylphenol, or N-Boc-L-tyrosine,
respectively) were isolated pure after column chromatography
(CHCl3/hexane (3:1)) and then twice each by PTLC
(CHC13/CH30H(3%)). Compounds 66 and 67 were identical to synthetic
66 and 61 prepared below. The spectral characteristics of 68. were as
follows: UV (CH3OH) Xmax 208.6, 233.4, 275, 305.0, 314.2, 372.2; MS
(chemical ionisation): m/z 443, 387, 343, 255.
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7.3 SYNTHESIS OF THE COMPOUNDS FOR CHAPTER 4.

2-Bromo-4-methyl-l-acetyIoxybenzene2£.
To a stirred solution of 72 (1.87g, 8.17mmol) in ether (30ml)
was added triethylamine (1.1 equivalents) and acetyl chloride (1.1
equivalents). The solution was stirred for 30min. The precipitate of
Et3N.HCl was removed by filtration. Removal of solvent under
vacuum afforded 76 as a clear oil !H NMR 8 2.22 (s, 6H), 7.00-7.35
(m, 3H);

13

C NMR (DMSO-d6) 819.72(COCH3), 20.16(ArCH3), 114.94,

123.38, 129.09, 132.75, 137.24, 145.39, 167.94(C-1); IR(neat):
3030(ArH), 2920(COOCH3), 1770(C=O), 1485, 1368, 1210, 1185, 1047,
1010, 910, 863, 820, 670, 634cm1.

B is (triphenylphosphine)nickel(ll) chloride
Preparation according to the literature170 afforded the titled
compound as a metallic blue solid, m.p. 208°C [lit. m.p.
205-206°C]170

Bis(l,5-cyclooctadiene)nickel(0)
Preparation according to the literature171 afforded the titled
compound as a yellow solid, which was stored under N2 until
required.
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Activated

copper

bronze

Activated copper bronze was prepared according to the
literature.172

3-Methoxy-2-nitrobenzoic acid 7 0
Preparation according to the literature afforded 70. as a
crystalline solid m.p. 258-260°C (ethanol) [lit. m.p. 260-263°C].139
Alternatively oxidation of 3-methoxy-2-nitrobenzaldehyde
(24.0g, 133mmol) by K2Cr207 (54g) in water (120ml) and H2S04
(130g) at 50°C for 1.5 hrs afforded 70 (15.0g, 57.4%) after dilution
with water (400ml).

6-Bromo-3-methoxy-2-nitrobenzoic acid 21
To a stirred solution of 3-methoxy-2-nitrobenzoic acid 7_0
(l.Og, 5.08mmol) and Ag2S04 (0.8g, 2.58mmol) in H2S04 (20ml) was
added bromine (0.82g, 5.1mmol) and the solution was stirred in the
dark for 2hrs. Water was then added and the resulting precipitate
was collected. The precipitate was dissolved in acetone and then the
solution was dried (MgS04) and evaporated to give a pale red solid.
Recrystallisation from ether/hexane with slow evaporation of the
ether afforded 11 a white solid. (0.85g, 61%), m.p. 157-158.5°C,
(Found C34.87; H,1.93; N,5.13. C8H6BrN05 requires C,34.78; H,2.17,
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N,5.00%). lU NMR (DMSO-d6) 8 3.94 (s, 3H, ArOCH3) 7.43 (d, J = 9.03

Hz, 1H, H-4), 7.93 (d, J = 9.03 Hz, 1H, H-5), 11.05(br.s, 1H, COOH);

NMR (DMSO-d6) 857.25 (q, ArOCH3), 108.59 (s, H-l), 116.84 (d, H-4)

130.60 (s), 136.56 (d), 138.70 (s), 150.239 (s, H-3), 164.516 (s
COOH).

Methyl 6-bromo-3-methoxy-2-nitrobenzoate ±2.
A solution of 21 (l-0g, 3.62mmol) in ether was treated with an
excess of diazomethane in ether. After lhr, the solvent was

evaporated to give the pure product 42 as a white solid (l.Og, 9

Recrystallisation from methanol/water afforded pure 42. as white

crystals, m.p. 126-127°C. (Found C,37.37; H,2.78; N,4.72. C9H8BrN0

requires C,37.24; H,2.76; N,4.83%). !H NMR (DMSO-d6) 8 3.84 (s, 3H)

3.93 (s, 3H), 7.47 (d, 1H, J = 9.5 Hz, H-4), 7.96 (d, 1H, J = 9.5

Palladium (0) catalyzed coupling of methyl-6-bromo-3methoxy-2-nitrobenzoate 42_ with methyl-3-methoxy-2nitrobenzoate £1.
To a stirred solution of dry deoxygenated DMF (2ml) was
added 42 (108mg, 0.37mmol), 41 (78mg, 0.37mmol), Pd(OAc)2 (5mg,

0.02mmol), triphenylphosphine (21 mg, 0.08mmol) and triethylamin
(40mg, 0.39mmol). The reaction vessel was sealed, evacuated and
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replaced by an atmosphere of nitrogen. The reaction mixture was
heated at 100°C for 2hrs. T.l.c. analysis indicated the formation of
three UV active species. The reaction mixture was subjected directly
to column chromatography employing ethyl acetate/hexane (1:2
followed by 1:1). The three new fractions were collected and the
solvent removed under vacuum to yield:

l-Bromo-4-methoxy-3-nitrobenzene 4_4
Recrystallisation from ethanol afforded pure 44 as white
crystals (40.7mg, 48%) m.p. 85-86°C [lit. m.p. 86°C].173 XH NMR 8
3.95 (s, 3H, ArOCH3), 6.99 (d, 1H, J=9.1Hz, C-5), 7.64 (dd, 1H, J=2.4,
9.1Hz, C-6), 7.96 (d, 1H, J=2.4Hz, C-2).

Dimethyl-4,4,-dimethoxy-3,3,-dinitro[l,l,-biphenyl]-2,2,dicarboxylate 45
The above compound was reduced directly in ethanol over Pt02
under a H2 atmosphere to afford Dimethyl-4,4'-diamino-3,3'dinitro[l,l,-biphenyl]-2,2'-dicarboxylate 4JL. Apparent
molecular weight 360g/mol (chemical ionisation mass spectrometry)
l

H NMR 8 3.44 (s, 6H, COOCH3), 3.89 (s, 6H, ArOCH3), 5.40 (br.s, 4H,

NH2), 6.40 (d, 2H, J=8.1Hz, C-6), 6.78 (d, 2H, J=8.1Hz, C-5).
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4,4,-Dimethoxy-3,3,-dinitro[l,l'-biphenyl] 4_Z
Compound 42 was left uncharacterised, but was assumed to
have the indicated structure on the basis of the formation of 44 and
41 and an apparent molecular weight of 304g/mol by chemical
ionisation mass spectrometry.

A GENERAL PROCEDURE

2,-Bromo-4'-methylphenyl-6-bromo-3-methoxy-2-nitro
benzoate. 72

To a stirred solution of 71 (lg, 3.62mmol)) in dry dioxane
(30ml) was added 12 (0.74g, 3.98mmol), dicyclohexylcarbodimide
(895mg, 4.34mmol) and a catalytic quantity of 4-dimethylamino
pyridine (5%). The solution was stirred at 80-100°C under anhydrous
conditions for 2 days. The solvent was removed under vacuum, and
the crude product purified by column chromatography (methylene
chloride/ hexane 1:1), which after elution of unreacted 71 afforded
73 as an off white solid. Recrystalisation from ethanol afforded pure
71 as small white crystals (1.21g, 75%), m.p.l55-156°C. (Found C,
40.28; H, 2.41; N,3.06. C15HnBrN05 requires C,40.45; H,2.47; N,3.15%).
l

R NMR 8 2.34 (s, 3H, ArCH3), 3.95 (s, 3H, ArOCH3), 7.09 (d, 1H,
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J=9.04Hz, H-4), 7.16-7.17 (m, 2H, H-3', H-5'), 7.44 (br.s, 1H, H-6'),
7.75 (d, 1H, J=9.04Hz, H-5).

6-Bromo-3-methoxy-4'-methylphenyl-2-nitrobenzoate22
Reaction of 21 (0.5g, 1.81mmol) and p-methylphenol (0.20g,
1.90mmol) according to the method described above afforded 22 as
a white solid. Recrystallisation from ethanol afforded pure 22 as
white crystals (0.53g, 80%). m.p. 148-149°C (Found C,49.02; H,3.36;
N,3.69. C15H12BrN05 requires Q49.18; H,3.28; N,3.83%) lU NMR 8 2.35
(s, 3H, ArCH3), 3.93 (s, 3H, ArOCH3), 7.06 (d, 1H, J=9.05Hz, H-4),
7.15-7.18 (m, 4H, H-2•,H-3•,H-5,,H-6,), 7.72 (d, 1H, J=9.05Hz, H-5).

2,-Bromo-4,-methylphenyl-3-methoxy-2-nitrobenzoate. 21
Reaction of 20. (l.Og, 5.1mmol) and 21 (0.97g, 5.2mmol)
according to the method described above afforded 21 as a white
solid. Recrystallisation from ethanol afforded pure 21 as white
crystals (1.35g, 71%) m.p. 132-133°C (found C,49.37; H,3.46; N,3.97.
C15H12BrN05 requires C,49.18; H,3.28; N,3.83%). lU NMR 8 2.34 (s, 3H,
ArCH3), 3.94 (s, 3H, ArOCH3), 7.12-7.13 (m, 2H, H-2',3'), 7.32 (dd, 1H,

J=7.9,1.6Hz, H-4), 7.43 (br.s., 1H, H-5'), 7.57 (dd, 1H, J=7.9,7.9Hz, H-5),
7.83 (dd, 1H, J=7.9,1.6Hz, H-6).
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Formation of 2'-bromo-4'-methylphenyl-3-methoxy-2-nitro
benzoate 7£_ from 2'-bromo-4'-methylphenyl-6-bromo-3methoxy-2-nitro benzoate 21To a stirred solution of 21 (500mg, 1.12mmol) in nitrobenzene
(lml) was added activated copper bronze (0.5g). The solution was
heated in a sealed tube at 180°C for 16hrs. The supernatant was
subjected to column chromatography on silica employing CH2C12. The
major UV active species (by t.l.c.) was collected. Removal of solvent
afforded 21 as a oil which slowly crystallised. Recrystallisation from
ethanol afforded pure 25 (120mg, 29%).

2-bromo-4-methylphenol 22.
To a stirred solution of /7-methylphenol (22.Og, 204mmol) in
CC14 (250ml) was added Br2 (32.8g, 205mmol) over a period of
lOmin. Stirring was continued for 30 min. Solvent was removed
under vacuum. The residue was subjected to fractional vacuum
distillation. The major portion of the distillate (140°C-145°C
20-25mmHg) afforded 22. as a colourless oil. Vacuum distillation
afforded pure 22 as a low m.p. solid (22.0g, 57.7%) m.p. 56-57°C [lit.
m.p. 56-57°C].174 !H NMR 8 2.22(s, 3H, ArCH3), 5.46(br.s, 1H, ArOH),
6.90(m, 2H), 7.22(m, 1H);

13

C NMR 8 20.01(ArCH3), 109.72, 115.72,

129.58, 131.24, 132.02, 149.98(C-1); IR (neat) 3500(OH), 3026(ArH),
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2920(ArCH 3 ), 1610, 1582, 1495, 1405, 1330, 1282, 1250, 1210,
1180, 1040, 868, 815, 760, 670cm"1.

2-Bromo-4-ethylphenol 81
Preparation from p-ethylphenol (20.0g, 164mmol) according to

the preparation of 21 (b.p. 140-150°C, 20-25mmHg) afforded 81 a

an oil (20.4g, 62%) [lit. b.p. 116-120°C (20mm Hg)].175 XH NMR 8 1.

(t, 3H, J=8.0Hz, CH2CH3), 2.53 (q, 2H, J=8.0Hz, CH2CH3), 5.49 (br.s,

ArOH), 6.93-7.27 (m, 3H, 3(ArH)); IR (neat): 3500(OH), 1608, 1588,
1493, 1452, 1413, 1328, 1288, 1255, 1203, 1178, 1037, 872, 858,
821, 748, 670cm"1.

l-Bromo-2-pheny!methoxy-5-methylbenzene2S
To a stirred solution of 2-bromo-4-methylphenol 21 (31.4g,
168mmol) in toluene (80ml) was added K2C03 (24g, 174mmol) and

benzyl bromide (28.7g, 169mmol). The solution was refluxed with

stirring for a period of 24hrs. The solution was diluted with t

(100ml) and extracted with 1M NaOH (2 x 100ml). The organic pha

was dried (MgS04), filtered and the solvent removed under vacuum

The resultant oil was distilled under reduced pressure (25mmHg)

and the fraction with b.p. 168°C collected. Recrystallisation f

ethanol afforded pure 21 as a white solid, m.p. 40-41°C [lit. m
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40-41°C].176

l-Bromo-2-pheny!methoxy-5-ethylbenzene S_2
To a stirred solution of 2-bromo-4-ethylphenol 81 (70.0g,
348mmol) in toluene (150ml) was added K2C03 (48.3g, 350mmol)
and benzyl bromide (60.7g, 355mmol). The solution was refluxed

with stirring for a period of 24hrs. The solution was diluted w
toluene (150ml) and extracted with 1M NaOH (2 x 200ml). The

organic phase was dried (MgS04), filtered and the solvent remove
under vacuum. The resultant oil was distilled under reduced
pressure (25mmHg) and the fraction with b.p. 160°C collected.

Recrystallisation from ethanol afforded pure 82 as a white soli
33-34°C, (Found C,61.61; H,5.00. C15H15BrO requires C,61.86;

H,5.15%). XH NMR 1.20 (t, 3H, J=7.5Hz, CH2CH3), 2.57 (q, 2H, J=7.5Hz
CH2CH3), 5.12 (s, 2H, CH2Ph), 6.80-7.48(m, 8H, 8(ArH)).

l-Bromo-2-methoxy-4-methyl benzene 11
Preparation according to the literature177 afforded 82 as an

oil. *H NMR 8 2.26 (s, 3H, ArCH3), 3.83 (s, 3H, ArOCH3), 6.76 (d, 1H,

J=8.2Hz, H-6), 7.05 (dd, 1H, J=8.2, 2.0Hz, H-5), 7.36 (d, 1H, J=2
H-3).
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Preparation of the Arylboronic Acids Z2> SI and S&

A GENERAL PROCEDURE

2-Benzyloxy-5-methylbenzeneboronic acid 72
To a stirred suspension of magnesium shavings (2.81 g, 117
mmol) in dry tetrahydrofuran (THF, 75ml) under a nitrogen
atmosphere, was added a crystal of iodine and then dropwise a

solution of l-bromo-2-phenylmethoxy-5-methylbenzene 21 (32.5 g,

117 mmol) in THF (150 ml). The solution was heated at reflux fo
hr, then cooled to room temperature and finally added dropwise

over a period of 1 hr to a stirred solution of tri-n-butylborat

g, 117mmol) in THF/Et20 (100 mL, 1:1) at -78°C. After 1 hr at -7
the solution was warmed to room temperature and stirred for a

further 2 hrs. The reaction was quenched by the addition of 10%

aqueous HC1 (150 ml) and after 10 min the solution was extracte
with ether (3 x 150 ml). The combined ether extracts were then

extracted with 1 M NaOH (400 ml). A white precipitate was forme
which was removed by filtration, this was found to be a sodium
of 28.. The precipitate was added to the aqueous extract which

then acidified with dilute HC1 to give further white precipitat

was collected by vacuum filtration and washed with a little col

water and dried (14.4 g, 51%) m.p. 90-92°C, (Found C,69.35; H,6
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C 1 4 H 1 5 B 0 3 requires C,69.48; H,6.20%). *H N M R 5 2.30 (s, 3H, ArCH 3 ),
5.10 (s, 2H, OCH2Ph), 6.24 (s, 2H, B(OH)2), 6.86 (d, 1H, J = 8.6 Hz,

7.21 (dd, 1H, J = 8.6, 2.2 Hz, H-4), 7.40 (s, 5H, 5(ArH)), 7.67 (d,
J=2.2 Hz, H-6).

2-Benzyloxy-5-ethylbenzeneboronic acid O
Preparation from l-bromo-2-benzyloxy-4-ethylbenzene 8_2
(21 g, 72.2 mmol) as described above to give 8! (11.4 g, 62%) as

white solid. Recrystallisation from hexane gave white crystals,
92.5-94°C. (Found C/70.35; H,6.93 C15H1?B03 requires C,70.37;

H,6.65%). !H NMR 8 1.21 (t, 3H, J=7.6 Hz, CH2CH3), 2.61 (q, 2H, J=
Hz, CH2CH3), 5.11 (s, 2H, OCH2Ph), 6.20 (s, 1H, B(OH)2), 6.89 (d, 1H,

J=8.6 Hz, H-3), 7.24 (dd, 1H, J = 2.2 Hz, 8.6 Hz, H-4), 7.39 (s
7.70 (d, 1H, J=2.2Hz, H-6).

2-Methoxy-5-methylbenzeneboronic acid 88
Preparation from l-bromo-2-methoxy-4-methylbenzene 8_7

(63.82g) as described above using THF as solvent gave 81 (25.32

48%) as a white solid. Recrystallisation from hexane afforded p

88 as white needles, m.p. 90-91°C, (Found C,61.82; H,6.95. C8HHB

requires C,61.94; H,7.10%). *H NMR 8 2.31 (s, 3H, ArCH3), 3.87 (s,
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ArOCH 3 ), 6.35 (s, 2H, B(OH)2), 6.80 (d, 1H, J=8.4 Hz, H-3), 7.23 (dd, 1H,
J=8.4, 2.2 Hz, H-4), 7.66 (d, 1H, J=2.2 Hz, H-6).

Preparation of the Biphenyl Compounds &H, M and <L5

A GENERAL PROCEDURE

Methyl 2' -benzyloxy -4 -methoxy -5' -methyl -3 -nitro- [1,
biphenyl]-2-carboxylate 8_Q
A stirred solution of 29 (8.0g, 33mmol), 41 (8.0g, 27.58mmol),
Pd(OAc)2 (200mg, 0.89mmol), triphenylphosphine (500mg,

1.90mmol) and triethylamine (7.2g, 71.3mmol) in dry deoxygenate
dimethylformamide (DMF, 100ml) was heated at 100°C for 3 hrs
under an atmosphere of nitrogen. Most of the DMF was then

removed under vacuum and the brown oily residue was dissolved i
CHCl3(500ml) and extracted with 10% aqueous NaOH (2 x 200ml).
The chloroform solution was dried (MgS04), filtered and then
evaporated. The crude product was purified by column

chromatography using ethyl acetate/hexane (1:2) on silica gel a

eluent. The titled compound was obtained as a white solid (11.2

56%). Recrystallisation from methanol afforded pure 80. as whit

crystals m.p. 119-121°C. (Found C,67.76; H,5.01; N,3.18. C23H21N0
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requires C67.81; H,5.16; N,3.44%). lK N M R 8 2.30 (s, 3H, ArCH 3 ), 3.52
(s, 3H, COOCH3) 3.95 (s, 3H, ArOCH3), 4.97 (s, 2H, OCH2Ph), 6.83 (d, 1H,
J=8.2 Hz, H-3'), 7.01 (d, 1H, J=2.1 Hz, H-6*), 7.08 (dd, 1H, J = 2.1, 8.2

Hz, H-4'), 7.16 (d, 1H, J=8.7 Hz, H-5), 7.2-7.3 (m, 5H, Ph), 7.44 (d, 1H
J=8.7 Hz, H-6).

Methyl 2,-benzyloxy-5'-ethyl-4-methoxy-3-nitro-[l,l'biphenyl]-2-carboxylate 84
Prepared from 81 (1.24g, 4.8mmol) and 41 (1.24g, 4.28mmol)

as described above. Purification on silica gel gave 84. (0.88g, 49%) as
a white solid. Recrystallisation from methanol afforded pure 14 as
white crystals, m.p. 103-104°C, (Found C,68.38; H,5.20; N,3.07.
C

24H23N06 requires C,68.41; H,5.46; N,3.33%). !H NMR 8 1.21 (t, 3H, J

= 7.7 Hz, CH2CH3), 2.61 (q, 2H, J=7.7 Hz, CH2CH3), 3.51 (s, 3H, COOCH3),
3.92 (s, 3H, ArOCH3), 4.98 (s, 2H, OCH2Ph), 6.86 (d, 1H, J=8.4 Hz, H-3'),
7.03 (d, 1H, J=2.1 Hz, H-6') 7.11 (dd, 1H, J=8.4 Hz, 2.1 Hz,H-4'), 7.16
(d, 1H, J=8.7 Hz, H-5), 7.2-7.3 (m, 5H, 5(ArH)), 7.48 (d, 1H, J=8.7 Hz,
H-6).
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Methyl 2',4-dimethoxy-5'-methyl-3-nitro-[l,l,-biphenyl]
-2-carboxylate <£
Preparation from 8J_ (3.48g, 21.1mmol) and 41 (5.51g,
19mmol) as described above. Purification on silica gel afforded 95
(2.70g, 43%) as a white solid. Recrystallisation from methanol gave
white crystals, m.p. 166-168°C, (Found C,61.42; H,5.23; N,4.36.
C17H17N06 requires C,61.63; H,5.14; N,4.23%). !H NMR 8 2.32 (s, 3H,
ArOCH3), 3.64 (s, 3H, COOCH3), 3.69 (s, 3H, ArOCH3), 3.95 (s, 3H,
ArOCH3), 7.78 (d, 1H, J = 8.4 Hz, H-3'), 7.02 (d, 1H, J = 2.1 Hz, H-6'),
7.14 (dd, 1H, J = 8.4, 2.1 Hz, H-4'), 7.18 (d, 1H, J = 8.7 Hz, H-5), 7.44
(d, 1H, J = 8.7 Hz, H-6).

7-Amino-8-methoxy-2-methyl-dibenzo[b,d]pyran-6-one £_£
To a solution of 80. (0.43g, 1.06mmol) in ethanol (40ml) was
added a catalytic quantity of Pt02 and the system was evacuated and
filled with H2. The mixture was stirred overnight. The catalyst was
filtered off and the solvent removed to leave 66 as a bright yellow
solid. Recrystallisation from acetone afforded pure 66. as yellow
crystals: (0.25g, 92%), m.p. 175-165°C, (Found C,70.65; H,5.39; N,5.68.
C15H13N03 requires C,70.59; H,5.10; N,5.49%). !H NMR 8 2.40 (s, 3H,
ArCH3), 3.93 (s, 3H, ArOCH3), 6.57 (br.s, 2H, NH2), 7.05 (d, 1H, J=8.6

Hz, C-10), 7.13-7.14 (s, 2H), 7.23 (d, 1H, J=8.6 Hz, C-9), 7.68 (br.s, 1H
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C NMR 8 21.11, 55.92, 103.22, 107.51, 114.77, 116.97, 118.67,

122.48, 127.60, 129.74, 133.64, 142.71, 145.98, 148.51, 163.34
(Assignments for 66 are shown in TABLE 12).

7-Amino-2-ethyl-8-methoxy-dibenzo[b,d]pyran-6-one 6 7
Preparation from 84 (0.70g, 1.66mmol) as described above for
the preparation of 66.. The titled compound was obtained as a
yellow solid. Recrystallisation from hexane afforded pure 62 as an
amorphous pale yellow solid: (0.41 g, 92%) m.p. 98-99°C, (Found
C70.12; H,5.69; N,4.89. C16H15N03 requires C,71.38; H,5.58; N,5.20%).
l

K NMR 8 1.29 (t, 3H, J=7.6 Hz, CH2CH3), 2.72 (q, 2H, J=7.6 Hz, CH2CH3

), 3.95 (s, 3H, ArOCH3), 6.60 (br.s, 2H, NH2), 7.08 (d, 1H, J=8.4 Hz,
H-10), 7.18 and 7.19 (s, 2H), 7.28 (d, 1H, J=8.4 Hz, H-9), 7.72 (br.s,
1H); UV (EtOH) Xmax 215.8nm (log e 4.34), 240.6nm (loge 4.20),
275.0nm (loge 3.60), 305.2nm (loge 3.50), 315.6nm (loge 3.57),
376.6nm (loge 3.74).

7-Amino-2-methyl-8-hydroxy-dibenzo[b,d]pyran-6-one85
Compound 66. (15 mg, 0.1 mmol) was suspended in 5 ml of 48%
HBr and refluxed for 24 hrs. The solution was cooled, diluted with
water (20 ml), basified to pH 5.0 and then extracted with ethyl
acetate (2 x 20ml). The extracts were dried (MgS04) to give a light
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yellow solid upon evaporation of solvent. Purification by column
chromatography using ethyl acetate/hexane initially as a 1:2 mixture
and finally as a 1:1 mixture gave 81 (8.8mg, 62%) as a yellow solid
m.p. 213-215°C, (Found C,70.03; H,4.42; N,5.59. C15H13N03 requires
C69.71; H,4.56; N,5.81%). !H NMR (acetone-d6) 8 2.46 (s, 3H, ArCH3),
6.44 (brs, 2H, NH2), 7.10 (d, 1H, J=8.3 Hz, H-10), 7.17 (br.s, 2H,), 7.30
(d, 1H, J=8.3 Hz, H-9), 7.85 (br.s, 1H), 8.97 (br.s, 1H, ArOH).

7-Amino-2-ethyI-8-hydroxy-dibenzo[b,d]pyran-6-one 8 6
Compound 62 (119 mg, 0.44mmol) was suspended in 7 ml of
48% HBr and refluxed for 24 hrs. After 2 min, all 62 had dissolved
and much material had precipitated after 24 hrs. The solution was
cooled, diluted with water (50 ml), basified to pH 5.0 and then
extracted with ethyl acetate (2 x 30ml). The extracts were dried
(MgS04) to give a light yellow solid. Purification by column
chromatography using ethyl acetate/hexane initially as a 1:2 mixture
and finally as a 1:1 mixture gave 81 (85.5mg, 76%) as a yellow solid
m.p. 209-210°C, (Found C/70.63; H,5.16; N,5.70. C15H13N03 requires
C70.59; H,5.10; N,5.49%). !H NMR (acetone-d6) 8 1.25 (t, 3H, J=7.6Hz,
CH2CH3), 2.71 (q, 2H, J=7.6Hz, CH2CH3 ), 6.73 (br.s, 2H, NH2), 7.12 (d,
1H, J=8.3 Hz, H-10), 7.20 (br.s, 2H), 7.34 (d, 1H, J=8.3 Hz, H-9), 7.88
(br.s, 1H), 8.96 (br.s, 1H, ArOH).
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Methyl

2 , ,4-dimethoxy-5 , -bromomethyl-3-nitro-[l,l , -

biphenyl]-2-carboxylate 2AA solution of 95 (lOOmg, 0.39mmol) in dry CC14 (25ml) was
heated to reflux and bromine (65.6 g, 0.41 mmol) was added over a
few minutes. The solution was heated and irradiated for 2 hrs. The
solvent was then evaporated and the resulting white solid was
recrystallised from CCl4/hexane to afford pure 96. (98mg, 61%) as
white crystals, m.p. 153-154°C, (Found C,49.72; H,3.97; N,3.35.
C17H16BrN06 requires C,49.76; H,3.90; N,3.41%). !H NMR 8 3.58 (s, 3H,
COOCH3), 3.65 (s, 3H, ArOCH3), 3.89 (s, 3H, ArOCH3), 4.44 (s, 2H,

ArCH2Br), 6.79 (d, 1H, J=8.4 Hz, H-3'), 7.12 (d, 1H, J=8.7 Hz, H-5), 7.17
(d, 1H, J=2.3 Hz, H-6'), 7.31 (dd, 1H, J=2.3, 8.4 Hz, H-4'), 7.38 (d, 1H,
J=8.7 Hz, H-6).

Alkylation of 2JL with the sodium salt of ethyl nitroacetate
To a solution of £6. (70mg, 0.17mmol) in DMF (1ml) was added
a solution of the sodium salt of ethyl nitroacetate (1.1 equivalents,
prepared from ethyl nitroacetate and sodium hydride in DMF (3ml)
and the mixture was stirred for 12 hrs. The solution was then
diluted with ether (50ml) and then extracted with 1% aqueous HC1 (3
x 20ml). The ether was dried (MgS04) and evaporated. PTLC (ethyl
acetate/hexane 2:1) gave methyl 5'-(2-ethoxycarbonyl-2-
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nitro)ethyl-2,4'-dimethoxy-3-nitro-[1,1'-biphenyl]-2carboxylate £4. (higher band, 9mg, 11%) and methyl 2,4'dimethoxy-5'-formyl-3-nitro-[1,1'-biphenyl]-2-car boxy late
22 (lower band, 38mg, 66%) as white solids.
94: *H NMR 8 1.26 (t, 3H, J=7.2Hz, CH2CH3), 3.39 (dd, 1H, J=13.4,

5.5Hz), 3.43 (dd, 1H, J=13.4, 7.23Hz), 3.56(s, 3H), 3.62(s, 3H),
3H), 4.22(q, 2H, J=7.2Hz), 5.25 (dd, 1H, J=9.7, 5.5Hz), 6.76 (d,

J=8.40Hz), 6.97 (d, 1H, J=2.1Hz), 7.11 (br.d, 2H), 7.31(d, 1H, J
CIMS 462 (M+).

92: m.p. 188-189°C (from acetone/hexane). (Found C,59.13; H,4.3

N,4.13. C17H15N07 requires C,59.13; H,4.35; N,4.06%). lR NMR 8 3.56

(s, 3H, COOCH3), 3.74 (s, 3H, ArOCH3), 3.89 (s, 3H, ArOCH3), 6.95 (d,
1H, J=8.56 Hz, H-3'), 7.16 (d, 1H, J=8.7 Hz, H-5), 7.37 (d, 1H,

H-6), 7.70 (d, 1H, J=2.1 Hz, H-6'), 7.83 (dd, 1H, J=2.1, 8.6 Hz, H-4')
9.85 (s, 1H, CHO).

Methyl 5,-(2,2-diethoxycarbonyI-2-acetimido)ethyl-2',4dimethoxy-3-nitro-[l,l'-biphenyl]-2-carboxylate 2_S
To a solution of diethylacetaminomalonate (630mg, 2.90mmol)
in ethanol (20ml) was added sodium (53mg). The solution was

stirred for 5 min and then 96. (l.Og, 2.44mmol) was added. Aft

2hrs, a light yellow solution was obtained and stirring was con
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for 18 hrs. The solvent was then evaporated and the resulting w

solid was dissolved in CHC13 (100ml) and extracted with 5% K2C03

x 75ml). The CHC13 layer was dried (MgS04) and evaporated to give

a yellow viscous oil. Adding boiling CC14 followed by hexane af

pure 91 as white crystals, 850 mg (64%), m.p. 159-161 °C. (Found
C57.06; H,5.56; N.4.92. C26H30N2Ou requires C.57.14; H,5.49;
N,5.13%). lU NMR 8 1.26 (t, J=7.2 Hz, 6H, 2(CH2CH3)), 2.02 (s, 3H,
COCH3), 3.60 (s, 2H, COOCH3), 3.62 (s, 3H, ArOCH3), 3.67 (s, 3H,
ArOCH3), 3.95 (s, 3H, ArOCH3 ), 4.23 (q, J=7.2 Hz, 4H, 2(CH2CH3)

(br.s, 1H, NHCH3), 6.77 (d, J=8.4 Hz, 1H, H-3'), 6.83 (d, J=2.1 Hz,

H-6'), 6.97 (dd, 1H, J=8.4, 2.1 Hz, H4'), 7.16 (d, J=8.7 Hz, 1H, H(d, 1H, J=8.7 Hz, H-6).

Methyl 3-Amino-5,-(2-amino-2,2-diethoxycarbonyl) ethyl
-2,,4-dimethoxy-[l,l'-biphenyl]-2-carboxylate22
The title compound was prepared from 91 (4.0 g) as described
above for the preparation of 66.. Recrystallisation from ethyl

acetate/hexane afforded pure 99 as white crystals (2.08 g, 55%)

74-75°C. (Found C,60.87; H,6.34; N,5.08. C26H32N209 requires C,60.
H,6.20; N,5.43%). !H NMR 8 1.26 (t, 3H, J=6.8 Hz, 2(CH2CH3)), 2.01

3H, NHCH3), 3.43 (s, 3H, COOCH3), 3.60 (s, 2H), 3.66 (s, 3H), 3.87 (s
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3H), 4.24 (q, 4H, J=6.8 Hz, 2(CH 2 CH 3 )), 5.42 (br.s, 2H, N H 2 ) , 6.44 (d,
1H, J=8.1Hz), 6.56 (br.s, 1H), 6.71 (d, 1H, J=8.4Hz), 6.8 (m, 2H), 8.88
(d, 1H, J=8.24, 2.3 Hz).

7-Amino-2-(2-amino-2,2-dicarboxy)ethyl-8-hydroxy-diben
zo [b,d]pyran-6-one £2
A solution of 99. (150mg) in 48% aqueous HBr (5ml) was
refluxed for 14 hrs. After this time the HBr was removed under
vacuum. The residue was dissolved in H20 and Na2HP04 was added
and the pH adjusted to 7.0. The flocculant was centrifuged and the
precipitate was collected and recrystallized from water to afford
pure 69 as dark green/black shiny crystals (60mg, 66%), m.p. >300°C,
(Found C60.75; H,4.56; N,8.66. C16H14N205 requires C,61.15; H,4.46;
N,8.92%). This compound was identical by t.l.c. (butanol/acetic
acid/H20, 4:2:1) and UV to that obtained from the autoxidation of 1
in the presence of tyrosine. UV (pH 5.0, sodium acetate buffer
0.02M) Xmax 377.6nm (loge 3.73), 309.8nm (loge 3.53), 300.0nm
(loge 3.53), 238.2nm (loge 4.22), 214.0nm (loge 4.38). Addition of one
drop of 1M NaOH increased the pH >10 and changed the UV spectrum
to Xmax 402.2nm (loge 3.71), 330.4nm (loge 3.73), 242.6nm (loge
4.22), 214 nm(log e 4.44); lU NMR (D20/NaOD(lM), DSS as internal
reference) 8 2.55 (dd, 1H, J=13.7, 8.56 Hz), 2.89 (dd, 1H, J=13.7,
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4.3Hz), 3.38 (dd, 1H, J = 8.6, 4.3 Hz), 6.54 (d, 1H, J=8.1 Hz), 6.63 (d,

1H, J=8.1 Hz), 6.63 (d, 1H, J=8.1 Hz), 6.84 (d, 1H, J=2.3 Hz),

1H, J = 8.1, 2.3 Hz) partial !H NMR assignments for 6£ are show
FIGURE 27);

13

C NMR (D20/NaOD) 8 39.40 (t), 56.85 (d), 114.53 (d

118.53 (d), 122.04 (d with underlying s), 123.11 (s), 127.69 (

underlying s), 131.01 (d with underlying s), 131.40 (s), 152.9
161.77 (s), 177.04 (s), 182.06 (s) (13C NMR assignments for £9
shown in TABLE 13).
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7.4 METHODS AND SYNTHESIS FOR THE COMPOUNDS
OF CHAPTER 5.

Autoxidation of 3-hydroxyanthranilic acid in the presence
of polyamino acids.

A general procedure
To a solution of 1 (lmg/ml) in a 0.1M sodium phosphate buffer
(pH5.0, 4.0ml) was added poly-L-lysine (28.6mg). The pH was
adjusted to 7.2 and the volume made up to 6.0ml with distilled
water. Oxygen was bubbled through the solution to maintain
saturation. At pre-determined intervals, 250^ 1 aliquots of the
reaction mixture were removed and chromatographed directly on a
Sephadex G-25 column employing water as the eluent. The modified
and unreacted polyamino acid which eluted first were collected,
made up to volume (5ml) with distilled water and analysed
employing UV spectroscopy.

Autoxidation of 3-hydroxyanthranilic acid in the presence
of Bovine Serum Albumin (BSA).
To a solution of 1 (50mg, 0.33mmol) in a 0.1M sodium
phosphate buffer (pH 5.0, 25ml) was added BSA (0.70g). The pH was
adjusted to 7.0 and the volume made up to 30ml with distilled
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water. Oxygen was then bubbled through the solution to maintain
saturation. At pre-determined intervals 2ml aliquots were removed,
chromatographed directly on a Sephadex G-25 column and the
brown protein band eluting first collected. This was either made up
to volume (25ml) and examined by UV spectroscopy, or freeze dried.
The freeze dried protein was examined by fluorescence or subjected
to acid hydrolysis in vacuo with 1.5ml of 6M HC1 for 24hrs at 110°C.
HC1 was removed under N2 or over NaOH under vacuum, and the
hydrolysate dissolved in a 0.1M phosphate buffer (500ul pH5.0) and
subjected directly to reverse phase HPLC analysis.

Autoxidation of 3-hydroxyanthranilic acid in the presence
of BSA and catalase.
To a stirred solution of 3-hydroxyanthranilic acid (lmg/ml) in
a 0.1M sodium phosphate buffer (pH7.2) was added BSA (2.5mg/ml).
Two 20ml aliquots were taken. To one aliquot was added lOOul of
catalase suspension each hour. Oxygen was bubbled through each
solution to maintain oxygen saturation. At pre-determined intervals
lml aliquts of each solution was removed and chromatographed on
Sephadex G-25 employing water as the eluent. The brown protein
band eluting first was collected and made up to 10ml with water.
The UV specta of the solutions were recorded from 200-600nm and
the indexes of modification (A345/A280 and A420/A280) were
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determined. The results of the study involving catalase are shown in
FIGURE 33.

pH Dependence Study of BSA modification.
To a solutions of 1 (30mg, 0.20mmol) in a 0.1M sodium
phosphate buffer (25mL) were added BSA (0.7g), and the pH
adjusted to 6.0, 6.5, 7.0, 7.5, 8.0 with 1M HC1. The volume was then
made up to 30ml with distilled water. The solutions were
oxygenated continuously with a stream of oxygen to maintain
saturation. At appropriate intervals, 2ml aliquots of the reaction
mixtures were removed and chromatographed directly on Sephadex
G-25 employing a 0.1M sodium phosphate buffer equilibrated at
pH5.0. The brown protein band which elutes first was collected and
made up to volume (25ml) with 0.1M sodium phosphate
buffer(pH5.0) and their UV spectra recorded. The index of
modification (A345 /A280) was noted for each solution.

250

7.5 METHODS AND SYNTHESIS FOR THE COMPOUNDS
OF CHAPTER 6.

2,3,4,6-Tetraacetyl-a-D-glucopyranosyl bromide
The titled compound was prepared according to the method of
Vogel.162

3-Hydroxy-2-nitrobenzoic acid 101
Preparation from 3-methoxy-2-nitrobenzoic acid 20. according
to the literature178 afforded 101 as a yellow solid m.p.=178-181°C
[lit. m.p. 172°C, 172-174°C].158'178
Alternatively, 20 (lO.Og, 50.8mmol) could be de-methylated by
the action of acetic acid (10ml) and 48% HBr (6ml) under reflux for
24hrs. The solvent was removed under vacuum and the resulting
solid washed with water. Recrystallisation from H20 afforded 101 as
a yellow solid. (6.1g, 66%).

MethyI-3-hydroxy-2-nitrobenzoatelil2
Preparation from 101 according to the literature158 afforded
102 as a white solid m.p. 108-110°C (CH3OH/H20) [lit. m.p.
110-115°C].158
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Methyl

3-[(2,3,4,6-tetra-0-acetyl-p-D-glucopyranosyl)oxy]-

2-nitrobenzoate 103.
To a stirred solution of 102 (5.26g, 26.7mmol) in acetone

(125ml) was added 2,3,4,6-tetraacetyl-cc-D-glucopyranosyl bromid
(10.6g, 26.9mmol) and K2C03 (6.0g, 43.5mmol). The solution was

refluxed with stirring for 24hrs upon which time it was filtered
of salt. Removal of solvent afforded 103 as a yellow solid.

Recrystallisation from ethanol afforded pure 103 as a white soli
(7.75g, 55%) m.p. 142-143°C. (Found C,49.91; H,4.76; N,2.53.

C22H25N014 requires C,50.09; H,4.74; N,2.66%). !H NMR 8 2.02 (s, 3H,
COCH3), 2.04 (s, 3H, COCH3), 2.08 (s, 3H, COCH3), 2.13 (s, 3H, COCH3),

3.86 (ddd, 1H, J=2.3, 5.5, 9.9Hz, H-5'), 3.87 (s, 3H, COOCH3), 4.22

(m, 2H, 2(H-6')), 5.01 (d, 1H, J=7.5Hz, H-l'), 5.13 (dd, 1H, J=8.9,

H-4'), 5.21 (dd, 1H, J=7.5, 9.3, H-2'), 5.25 (dd, 1H, J=8.9, 9.3, H-3'

7.48 (dd, 1H, J=7.6, 8.4Hz, H-5), 7.53 (dd, 1H, J=8.4, 1.5Hz, H-4
(dd, 1H, J=7.6, 1.5Hz, H-6);

13

C NMR 8 20.50(br, 4(COCH3)),

53.00(COO£H3), 61.89(C-6'), 68.38(C-5'), 70.62(C-4'), 72.38(C-3'),
72.57(C-2'), 100.64(C-1'), 123.87(C-1), 125.92(C-6), 130.65(C-5),
123.70(C-4), 147.93(C-2), 162.91(C-3), 169.21(br, 2(COCH3)),
170.04(br, 2(COCH3), COOCH3).
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Methyl-2-amino-3-[(2,3,4,6-tetra-0-acetyl-p-D-glucopyran
osyl)oxy] benzoate 104.
To a stirred solution of 103 (6.07g, 12.89mmol) in ethanol
(250ml) was added Pt02 (300mg, 1.32mmol). The reaction vessel

was evacuated and replaced by an atmosphere of H2. The solution
was stired under a positive atmosphere of H2 for 12hrs. Pt was

removed by filtration. Removal of solvent afforded 104 as a whi
solid. Recrystallisation from ether/petroleum ether (40-70°C)
afforded pure 1M as a white solid (5.20g, 91%) m.p. 102-104°C.

(Found C,52.38; H,5.39; N2.71. C22H27N012 requires C,52.12; H,5.43
N,2.82%) 2H NMR 8 2.04 (s, 6H, 2(COCH3)), 2.08 (s, 6H, 2(COCH3)),

2.52(br.s, 2H, NH2), 3.86 (s+underlying multiplet, 4H, C-5', COO

4.21-4.30 (m, 2H, 2(H-6')), 5.03-5.27 (m, 4H, H-l', H-2', H-3', H

6.52 (dd, 1H, J=7.8,8.2Hz, H-5), 7.04 (dd, 1H, J=7.8, 1.2Hz, H-4
(dd, 1H, J=8.2, 1.2Hz, H-6);

13

C NMR 8 20.43(4(COCH3)),

51.38(COOCH3), 61.92(C-6'), 68.56(C-5'), 71.44(C-4'), 72.17(C-3'),
72.51(C-2'), 100.38(C-1'), 111.31(C-1), 114.29(C-4), 119.36(C-5),
125.90(C-6), 142.40(C-2), 144.40(C-3), 168.12(CO C H 3),
169.24(COCH3), 169.58(COCH3), 169.87(COCH3), 170.26(COOCH3).
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Methyl-2-amino-3-(p-D-glucopyranosyloxy)benzoate 105
To a stirred solution of sodium methylate in CH3OH (90ml)
[prepared by addition of sodium (0.40g, 15.65 mmol) in slivers to a
stirred solution of CH3OH] was added 104 (4.60g, 9.26mmol). The
solution was stirred at room temperature for lhr followed by 12hrs
at 0°C. The solution was neutralised with H2S04(6M) and the
precipitated Na2S04 removed by filtration. Removal of solvent
afforded 105 as a light yellow solid. Recrystallisation from water
afforded pure 105 as a white solid. (2.10g, 69%) m.p. 122-123°C.
(Found C,47.25; H,5.86; N,3.94. C14H19N08.1.5H20 requires C,47.19;
H,6,18; N,3.93%). 13C NMR (DMSO-d6) 8 57.26(COOCH3), 60.83(C-6'),
69.86(C-5'), 73.18(C-4'), 75.96(C-3'), 77.03(C-2'), 102.60(C-1'),
109.49(C-1), 113.60(C-4), 120.18(C-5), 124.23(C-6), 142.48(C-2),
144.82(C-3), 167.52(COOH).

2-Amino-3-(p-D-glucopyranosyloxy) benzoic acid 22
To a stirred solution of 105 (1.5g, 4.79mmol) in H20 (50ml) was
added NaOH (l.Og, 25.0mmol). The solution was stirred at room
temperature for 8hrs and then acidified to pH 3.0 with 6M HC1. The
solution was frozen and then thawed. The white precipitate was
collected by filtration. Recrystallisation from water afforded pure 27
as a white solid (l.OOg, 70%) m.p. 220-221°C (decomp) (Found
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C.49.76; H,5.50; N,4.43. C 1 3 H 1 7 N 0 8 requires C,49.52; H,5.40; N,4.44%).
[a]20d= -65.37°; lH NMR (DMSO-d6) 8 3.25-3.80 (br.m, 10H, H-2', 3', 4',
5', 2(6'), 4(OH)), 4.60 (d, 1H, J=6.4Hz, H-l) 5.20 (br.s, 2H, NH2) 6.45
(dd, 1H, J=6.4,8.4Hz, H-5), 7.18 (dd, 1H, J=6.4,1.3Hz, H-4), 7.42 (dd,
1H, J=8.4,1.3Hz, H-6)

13

C NMR (DMSO-d6) 8 60.78(C-6'), 69.86(C-5'),

73.17(C-4'), 76.01(C-3'), 76.98(C-2'), 102.65(C-1"), 110.46(C-1),
113.49(C-4), 119.98(C-5), 124.81(C-6), 142.57(C-2), 144.78(C-3),
169.18(COOH).

Extraction and hydrolysis of sclerotized silks
Cocoons of the silk moth species Hyalophora gloveri, Samia
cynthia and Bombyx mori were obtained from Worldwide Butterflies
Ltd, Dorset England.
For the detection of 2-amino-3-(p-D-glucopyranosyloxy)
benzoic acid 22 in the above c/ocoons, one half of each cocoon was
sliced into small segments and extracted with 80% aqueous methanol
(50ml) at 80°C for a period of 16 hrs. The extract was filtered free of
insoluble material which was retained. The filtrate was reduced to a
small volume (2ml) by drying over silica gel under vacuum and
subsequently subjected to reverse phase HPLC analysis.
For the detection of 7-amino-2-(2-amino-2,2dicarboxy)ethyl-8-hydroxy-dibenzo[b,d]pyran-6-one £JL the
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insoluble material obtained above was subjected to acid hydrolysis
in 20mg portions in 6M HC1 (3ml) under vacuum at 110°C for 24hrs.
After this time, the hydrolysate was evaporated to dryness under a
stream of N2or by dessication over NaOH under vacuum. The residue
was redissolved in a 40mM phosphate buffer (1ml), equilibrated to
pH 5.0, filtered through a micro millipore filtration system and
subjected to reverse phase HPLC analysis. Samples of 69 collected
from hydrolysates of the same species were combined, freeze dried
and re-subjected to reverse phase HPLC employing water in place of
the buffered system. The de-salted 69 was freeze dried and
subjected to GC/MS analysis according to the following procedure.
Each of the freeze dried portions were dried at 100°C for 12hrs.
To the residue was added pyridine (50p.l), BSTFA (lOOul) and 3
sticks of molecular sieve 4A. The mixture was heated at 100°C for
60min in a sealed container. The mixture was then subjected to GC
and GC/MS analysis.
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7.6 METHODS FOR APPENDIX 1

Autoxidation of o-aminophenol under alkaline conditions.
Oxygen was bubbled through a solution of o-aminophenol
(2.0g, 18.3mmol) in a 0.1M sodium phosphate buffer (150ml,
pH11.7) for 7 days. The resultant precipitate was collected by
filtration and washed with water. Purification by column
chromatography employing the solvent sequence CHC13, ethyl

acetate, CH3OH afforded 106 followed by 108. Recrystallisation f
dioxane afforded pure 5-amino-2-(phenylamino)-l,4-dioxo
-2,5-cyclohexadiene 1M (33mg, 0.84%) m.p.l28-131°C. HRMS
calculated for C12H10N2O2 214.0742, found 214.0742. lH

NMR(DMSO-d6) 8 5.48(s, 1H, H-3), 5.64(s, 1H, H-6), 7.10-7.40 (m,

5(ArH), NH2), 7.83 (br.s, 1H, NH2), 9.02 (br.s, 1H, NH). IR: 3360(NH
3320(NH2), 3220(NH2), 3050, 1655(C=0), 1550, 1505, 1490, 1443,
1275, 1223, 832, 740, 710, 690cm"1Recrystallisation from dioxane/ether afforded pure
5-amino-2-[(2-hydroxyphenyl)amino]-l,4-dioxo-2,5-cycloh
exadiene MJL (62mg, 3%) m.p. 260-261°C. HRMS calculated for
c

i2HioN2°3 230.0691, found 230.0686. !H NMR (DMSO-d6) 85.49 (s,

1H, H-3), 5.58 (s, 1H, H-6), 6.9-7.3 (m, 4H, 4(ArH)), 7.23 (br.s.
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N H 2 ) , 7.98 (br.s, 1H, NH 2 ), 8.85 (br.s, 1H,NH), 10.18 (br.s, 1H, ArOH).
13

C NMR (DMSO-d6) 894.63, 95.12, 115.77, 119.38, 122.45, 125.09,

126.06, 146.47, 149.74, 152.81, 177.75, 179.55;

13

C NMR

assignments for 108 are shown in TABLE 16. IR 3380(NH),
3310(NH2), 3258 (NH2), 1580, 1525, 1490, 1465, 1278, 1250, 1228,

1167, 1117, 1082, 890, 870, 740cm"1; UV (EtOH) Xmax 248nm (lo

3.90), 268.5nm (loge 3.77), 368.5 (loge 3.90), 529.0nm (loge 3.1

2,5-Di(phenylamino)-l,4-dioxo-2,5-cyclohexadiene 107
Preparation according to the literature179 afforded 107 as

purple plates, m.p. > 300°C [lit. m.p. > 300°C]179 IR: 3222, 1638
1567, 1288, 1188, 1173, 739, 691cm1.
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7.7 METHODS FOR APPENDIX 2.

Extractions and hydrolysis of human lenses
Human lenses were obtained from extractions performed at the
Sydney Eye Hospital, Sydney, Australia and stored until required.
Whole lenses were homogenized in water (1ml).The homogenates
were transfered into glass centrifuge tubes and ethanol(4ml) added
to precipitate the lens proteins. The resultant suspension was
centrifuged at 3,000 r.p.m. for 15 min. The supernatants were
withdrawn, freeze dried, redissolved in water (200ul) and subjected
directly to reverse phase HPLC analysis.
The precipitates were re-dissolved in water and freeze dried.
The proteins (20mg) were hydrolysed in vacuo with 6M HC1 (3ml)
for 24hrs at 110°C. HC1 was removed under N2 or over NaOH under
vacuum, and the hydrolysate dissolved in a 0.1M sodium phosphate
buffer (500u-l, pH5.0) and subjected directly to reverse phase HPLC
analysis.

APPENDIX 1

AUTOXIDATION OF o-AMINOPHENOL IN THE
PRESENCE OF ANILINE

In order to ascertain whether the oxidative chemistry of 1 is
characteristic of o-aminophenols in general, the autoxidation of
o-aminophenol itself was carried out under alkaline and neutral
conditions in the presence of aniline to serve as an electrophilic
trapping agent.
Under alkaline conditions (pH 11.7), the autoxidation of
o-aminophenol in the presence of aniline was extremely sluggish
with much unreacted o-aminophenol being recovered after
extended periods (>7 days). T.l.c. of the autoxidation mixture
indicated the presence of a multitude of products (>20), most of
which were only slightly soluble in common organic solvents.
Nevertheless three autoxidative products were isolated and
characterised.

<§ccc
11

106
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The first of these was found to be 2-aminophenoxazin-3-one
18..

Standard

2-aminophenoxazin-3-one

was

prepared

by

the

mercuric oxide oxidation of o-aminophenol, 165 and was found to be
identical in all respects ( ! H N M R ,

13

C N M R , U V and mixed melting

point) to that obtained from the autoxidation reaction.
The

second

analogue

106

component

proved

of the high p H

3-hydroxyanthranilic
The lR N M R

to be

the

o-aminophenol

aniline autoxidation product of

acid towards aniline.
spectrum of 106 indicated the presence of two

isolated olefinic protons, both occurring as singlets at chemical shifts
of 85.48 and

85.64. A n

intramolecular hydrogen bonded

system

was evidenced by the downfield non equivalence of the primary
amino protons (87.12 and 87.83) and the downfield position of the
secondary amino proton (87.02).
The infrared spectrum of 106 indicated the presence of

a

primary amine (3360, 3320 cm" 1 ) a secondary amine (3220 cm" 1 ), a
strongly hydrogen bonded p -quinone system* (1655 cm" 1 ) and a
mono

substituted benzenoid ring (690, 740 c m 1 ) . Hence, the

l

NMR

and infrared data are consistent with the proposed structure

U

for 106.

*The infrared spectrum of 2,5-dianilino-l,4-benzoquinone179 107 shows a
similar

shift

hydrogen

to lower

bonding.

wavenumber

(1638

cm"1)

due

to

intramolecular
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The final component for the alkaline autoxidation reaction
was also a substituted p-quinone as evidenced by a n-%* transition
band (A.max 529nm, loge 3.18) in the UV-VIS spectrum.
This component proved to be 108 - the o-aminophenol
analogue of 30.

H ^YY\
OH

TT

ins

The

J

H NMR

spectrum of 108 indicated the presence of two

isolated olefinic protons occurring as singlets (85.49, 85.5 8).
Extensive internal hydrogen bonding is again indicated by the non
equivalence of the primary amino protons (87.23, 87.98) and the
resonances of the secondary amino and phenolic protons which
occur well downfield at shifts of 88.85 and 810.18, respectively.
The

13

C NMR data and assignments for 108 are shown in

TABLE 16 and based on those for 30.
Although the autoxidation products 18., 106 and 108
were obtained in the relatively low yields of 1.5, 0.8 and 3.0%
respectively, an analogous autoxidation mechanism to that of
3-hydroxyanthranilic acid is probably in operation, albeit at a
greatly reduced rate. The proposed autoxidation mechanism for the
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TABLE 16. 13,C NMR spectral data and assignments for 107
(measured in DMS0-d6 from TMS).

^ J ^ ^ ^
" ^ ^ H ^ ^

NH

0

OH

C-1
177.8(s)a
C-7
125.1(s)
a
b
c

C-2

C-3

149.7(s)b

94.6(d)c

C-8
146.5(s)

C-4
179.6(s)a

C-9

C-10

115.8(d)

126.1(d)

may be interchanged
may be interchanged
may be interchanged

C-5

C-6

152.8(s)b 95.1(d)"
C-11
122.5(d)

C-12
119.4(d)
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autoxidation of o-aminophenol under alkaline conditions is outlined
in SCHEME 24 .
Autoxidation of o-aminophenol in the presence of
aniline under neutral conditions resulted in a slow reaction, which
after 4 days, produced a mixture of two autoxidation products along
with large quantities of unreacted o-aminophenol.
The major product (18%) proved to be
2-aminophenoxazin-3-one 18.
The minor component (4%) was identical in all respects
OR NMR,

13

C NMR, IR and UV ) to £1 which was prepared by the

silver(l)oxide oxidation of o-aminophenol in the presence of aniline
according to the method of Tanabe.131

Ph—Nw

^N.

vNH,

h— N

^ ^
53

^0

^ v

>^NH

Under neutral autoxidative conditions it would

seem

that o-aminophenol reacts exclusively via the intermediacy of
o-quinone imine 20. - with subsequent reaction involving conjugate
addition of o-aminophenol or aniline, followed by reoxidation,
eventually to yield 18 or 53., respectively.
Hence o-aminophenol exhibits similar reactions to
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NH-

NHT"

OH
15

'C

02
NH-

B

HO;

0-0

^

NH.

A+ H20

NH

a

19 ,[0]

B + OH"

HO-0

2Q

NH2

H

11, [O]
1

'

NH.
N
H
113
OH
SCHEME 24. Proposed mechanism for the autoxidation of o-aminophenol.
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3-hydroxyanthranilic

acid. However, the differing p H

dependence

for the production of the autoxidation products, hydrogen peroxide
sensitivity and autoxidation kinetics, suggests that o-aminophenol is
not a favourable system to use in place of 3-hydroxyanthranilic acid
in autoxidation studies.

APPENDIX 2

TRYPTOPHAN METABOLITES AND
FLUORESCENCE IN THE HUMAN LENS

Behind the pupil and iris of the eye lies the lens (FIGURE 43).

blood vessels

I
vitreous humor

FIGURE 43. CROSS SECTION OF THE HUMAN EYE.

The normal human lens is a very pale yellow transparent body,
consisting of clear fibers accurately and regularly fitted together, so
that the curvature of the surface is such that light passing through it
is brought to a correct focus on the retina. The colour is associated
with certain tryptophan metabolites which are present in the lens of
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man

(and

some primates) but absent from the lenses of other

species.180
Several non protein bound fluorescent tryptophan metabolites
have been detected in the human lens.181 Of these van
Heyningen180 has identified N-formylkynurenine, kynurenine,
3-hydroxy-kynurenine, the 0-|3-glucoside of 3-hydroxykynurenine
and other compounds which were not identified in aqueous extracts.
In the lens these fluorescent substances reduce chromatic
aberration by absorbing light of wavelengths less than 400nm.
Photochemical attack of human lens protein extracts results in
the formation of N-formylkynurenine which can then serve as a
photosensitiser for the near UV oxidation of tryptophan.182 Some of
the photoproducts have been found to bind to human lens proteins
in vitro. thereby altering their physical and chemical
properties.183'184 Lens proteins altered in this way acquire a
yellow brown colouration, which also exhibit fluorescence.
Visible and near UV light - induced non tryptophan
fluorescence of human lens protein has also been demonstrated.185
Opacification of the crystalline lens, known as senile cataract,
is by far the most common and important pathological change
occurring in the lens. Its exact cause is still unknown. Current belief
is that oxidative damage to the lens is an initiator for the
development of senile nuclear cataract.186 Oxidation of lens proteins
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in vitro and in vivo forms high molecular weight aggregates due to
disulfide and non disulfide cross linkages.187'188 A n increase in
fluoresence

of

development

of senile nuclear cataract. Van

shown

that

the

lens

has

kynurenine

3-hydroxykynurenine

and

are formed

tryptophan. In one experiment
further

cleavage

of

been

14

demonstrated

the

with

the

Heyningen 1 8 0 has

O-p-glucoside

in the lens by

of

metabolism

of

C-alanine was detected, indicating

either

3-hydroxykynurenine

or

the

O-p-glucoside of 3-hydroxykynurenine. If this is so, then one may
expect 3-hydroxyanthranilic acid, or the O-P-glucoside of
3-hydroxyanthranilic

acid

2 7 . neither of which have as yet been

identified in lens extracts, to also be present in the lens. The
fluorescent

compounds

found

in

the

lens

act

in_ vitro as

photosensitisers, hastening the browning and other changes in lens
proteins

exposed

to

sunlight.

In

the

present

study

3-hydroxyanthranilic acid has been shown to alter a representative
protein

- bovine

3-hydroxyanthranilic
human

serum

albumin,

by

inducing

browning. If

acid or its glucoside 27. were present in the

lens* it m a y

be expected

that these m a y

also induce

oxidative changes to lens proteins in vivo. Consequently whole

* A glucosidase of low activity has been detected in the lens which may
serve to effect the conversion of 27 into 3-hydroxyanthranilic acid.189
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OH

HOOC
27

N

NH 2

CH

cN

H

"

lenses were screened for the presence of, 3-hydroxyanthranilic acid,
its glucoside 27_ and the 3-hydroxyanthranilic acid-tyrosine
oxidation marker 69..
In the present study, human cataract lenses were employed.
These were obtained from cataract patients and stored frozen until
required. The lenses varied in colour from almost clear to deep
brown. The Pirie classification scheme was employed to group lenses
into homogenous pools based on their increasing nuclear colouration
(TYPE 1 (light colouration)-TYPE 4(dark colouration)).
One individual lense of each type was ground with 1.0ml of
water. Ethanol (4ml) was added to precipitate the lens proteins and
the dispersion was centrifuged at 3000 r.p.m. for 15 min. The
proteins were recovered, dried and stored frozen until required. The
supernatant was blown dry under nitrogen, redissolved in an dilute
acetate buffer (40mM, 200|il, pH 5.0) and subjected directly to
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reverse phase H P L C employing fluorescence detection.
The elution profiles of the aqueous extracts of typical TYPE 1-4
lenses exhibited almost identical qualitative profiles (not shown).
However the fluorescence HPLC profiles did not indicate the
presence of either the tyrosyl benzocoumarin 69., the O-p-glucoside
of 3-hydroxyanthranilic 27. or 3-hydroxyanthranilic acid in the
aqueous lens extracts. The limit of detection was found to be in the
rangel x 10"2 - 5 x 10"2 jig for the three compounds examined. If L
were to be present in the lens it would be so in amounts less than 5
x 10"2 jig per gram of wet lens. A low continual flux of 1., which is
either metabolised along the normal tryotophan pathway or
oxidized photolytically, aerobically or via photoexcited tryptophan,
could undergo continual interaction with lens proteins and thereby
remain undetected in the present case.
Bityrosine has been isolated from proteolytic digests of a
yellow precipitate from cataractous lenses.190 This compound could
be formed by coupling of photolytically generated tyrosyl radicals,
or with a peroxidase/H20

2

system. If 3-hydroxyanthranilic acid

were formed in the lens, oxidative interaction with tyrosine residues
in lens proteins could result in the formation of protein bound
tyrosylbenzocoumarins of the type 69. Compound 69. would be less
easily oxidised than L itself and would be released upon exhaustive
acid hydrolysis of lens protein. Consequently, the insoluble 80%
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ethanol protein fractions of T Y P E 1-4 lenses were subjected to total
acid hydrolysis in vacuo with 6M HC1 (100°C, 24hrs). The
hydrolysate was dried in vacuo over NaOH dissolved in an acetate
buffer (40mM, 500p.l, pH 5.0) and subjected to reverse phase HPLC
with fluorescence detection as previously described. The resulting
elution profile indicated the presence of a large number of
fluorescent products. However, none of these corresponded to the
benzocoumarin 69. Furthermore no marked variation in the
fluorescent profile between lens types was found.
In conclusion, no 3-hydroxyanthranilic acid, its corresponding
O-P-glucoside or the tyrosyl coumarin 69. could be detected in lens
extracts or hydrolysates. On this basis it would therefore seem
unlikely, that the extensive protein cross linking (other than
disulfide formation) and browning, which occurs with the
development of senile nuclear cataract would be due to the
oxidative interaction of lens proteins with 3-hydroxyanthranilic
acid.
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